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Manganites with a general formula, R1-xAxMnO3 (R is a rare earth element and
A is a divalent dopent) have gained considerable interest recently because of the
intriguing fundamental physics and wide range of potential applications. In this family
of materials, manganites exhibiting charge/orbital ordering (COO) are of particular
interest as the destabilization/destruction of charge ordering (CO) simultaneously
leads to very interesting structural, electrical, thermal and magnetic properties. The
coupling between magnetic and structural order parameters and its response to the
external magnetic fields finds potential applications in magnetic refrigeration, which
is rigorously investigated in different class of materials.
The objective of the present work is to study the influence of impurity doping
at Mn-site in charge ordered (CO) manganites, on the destruction of CO state and
other physical properties, i.e. structural, electrical, magnetic and magnetothermal
properties, with an emphasis on magnetocaloric effect (MCE). A systematic study has
been carried out for the CO insulating system, Pr0.6Ca0.4MnO3 by substituting
different amounts of Cr at Mn site. Cr-substitution at the Mn-site destablizes the
charge-obital ordering and converts the low temperature antiferromgnetic phase into
ferromagnetic phase. However, the para-to-ferromagnetic transition temperature (TC)
was not considerably changed with Cr substitution from 2 to 8 %. Field induced
magnetic phase transitions have been observed as a consequence of coexistence of
ferromagnetic nanoclusters and short-range Charge-Orbital ordered clusters just above
TC in the compounds less than 4% Cr content and it has been found that 4% Cr
content is the optimum value for the magnetocaloric effect (MCE) investigated in
these series of compounds. After having studied the effect of Cr substitution,
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impurities of different d-orbital occupancy are doped at Mn-site to get a better insight
into how the magnetic and non-magnetic dopants have varying effects. This study
essentially revealed that long range ferromagnetism and metallic behavior are induced
only for the impurities Cr, Co, Ni and Ru but Fe and Al substitutions made the
compound remain antiferromagnetic insulator. This can be because of the fact that the
variation of the eg-electron density in these compounds alone is not sufficient to
explain the origin of ferromagnetism as the magnetic properties of the compounds
with isovalent dopants were different. From the magnetization isotherms and direct
calorimetric measurements it has been observed that Co doped sample exhibits
maximum value of MCE, which is -7.37 J/kg K followed by Ni, Cr and Ru. It has
been found that the applied magnetic field induces a metamagnetic transition above
Curie temperature in Co, Ni and Cr substituted samples but not in that of Ru
substituted compound that has the lowest resistivity and highest TC. These differences
were argued in the light of existence of CO fluctuations and ferromagnetic polarons in
the paramagnetic phase of Co, Ni and Cr samples. It was very clear from these studies
that among all the elements doped at Mn site, Ru is the most efficient element in
destroying the CO state and inducing the ferromagnetism along with the metallic
state.
When it comes to materials exhibiting more robust CO and high CO
temperatures, Bi based manganites are worth mentioning. Especially, Bi1-xCaxMnO3
system, besides its CO behavior, has distinct magnetic states those include spin-glass
and anti-ferromagnetic states. A significant reduction in the resistivity, by several
orders of magnitude, has been observed in Bi1-xCaxMnO3 compounds when Ru is
doped at Mn-site. Ru doping at the Mn-site is also capable of inducing
ferromagnetism and insulator-metal transition without an external magnetic field.
vMagnetoresistance as high as 98% was observed under the magnetic field of 7 T for
5% Ru doping and it decreased to 20% for a doping concentration of 20%. But the
change in magnetic entropy in Bi based compounds is considerably low compared to
those of Pr based compounds because of the week magnetic signal. It is important to
note here that more amount of Ru has to be doped at Mn site in Bi based compounds
compared to that of Pr based compounds to effectively destabilize/destroy the CO. It
has also been noticed that in Bi based compounds there develops an impurity phase
after a critical amount of Ru substitution at Mn-site. In other words, as we go towards
Ca rich region, it is possible to substitute more of Ru and consequently the resistivity
decreases drastically. Besides the above mentioned studies, the most exciting results
are obtained when Mn is completely replaced by Ru. Remarkably, instead of the usual
perovskite structure, these Bi based Ruthenites exhibit pyrochlore structure, which is
typical of Pyrochlores with general formula A2B2O7, formed by a wide variety of ions
and tolerates a high degree of non-stoichiometry on the oxygen anion and ‘A’ cation
sites. This phase is observed to be developed gradually with increasing Ru content.
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7Chapter 1
Introduction to the physical properties of manganites
1.1 Introduction
There has been tremendous interest in searching for oxide materials exhibiting rich
fundamental physics and promising technological applications for several decades. The family
of oxides, manganites, definitely has a major contribution to the expectations in all respects.
The exciting properties of these oxides to be listed are, metal-insulator transition, charge-orbital
ordering, phase separation, different magnetic ground states, co-existence of ferromagnetism
and ferroelectricity, etc. Essentially, the competing interactions among spin, charge, orbital, and
lattice degrees of freedom1 lead to these phenomena. The manifestation of these interactions and
their response to the external stimuli such as magnetic field, electric field, pressure, X-Ray
irradiation etc. results in very interesting physical properties, such as colossal
magnetoresistance, colossal electroresistance, colossal magnetocapacitance, giant
magnetocaloric effect. The important challenge in these materials is to study the complex
properties and to understand the fundamental physics involved.
In this chapter, we first present an overview of perovskite based manganese oxides,
manganites, and its colossal magnetoresistance effect. Then we discuss some intriguing features
such as charge-orbital ordering, phase separation and related features in manganites. Later, we
present a concise literature survey on magnetocaloric effect and effect of Mn-site doping and the
objective of current work.
81.2 Crystal structure of manganites
Manganites, with the general formula ABO3, belong to perovskite structure, where A–site
is occupied by bigger size cations such as rare earth or alkaline earth ions and B–site is occupied
by smaller size cation, Mn, a transition metal ion. In an idealized cubic unit cell, the A cations
occupy the corner positions (0, 0, 0), B cations occupy the body centered positions (1/2, 1/2, 1/2)
and oxygen anions occupy the face centered positions (1/2, 1/2, 0), this can be better illustrated
in Fig. 1.1(a). So, the coordination number of A, B and O atoms are 12, 6, and 8 but, the ion size
requirements for stability of cubic structure are quite stringent. Hence, the buckling and
distortion of MnO6 octahedra stabilize in lower symmetry structures, in which the coordination
number of A and B site ions are reduced. For example, tilting of MnO6 octahedra reduces the
coordination number of A site ions from 12 to as low as 8. The general description of distorted
perovskite structure is shown in Fig. 1.1(b). Here, two non-equivalent positions of oxygen
determine the degree of distortion of MnO6 octahedra in terms of the Mn-O-Mn bond angles and
Mn-O bond lengths. Similar octahedral tilting type distortion was first examined by
Goldschmidt in 1926. He suggested that the degree of distortion can be determined by a quantity
called tolerance factor (t), which is expressed as2,3  2A O A Ot r r r r   , where Ar , Br
and Or are the average ionic radii of A-site, B-site and oxygen anion, respectively.
9(a)
(b)
Fig.1.1 Schematic diagram of the (a) Cubic perovskite structure, and (b) Distorted
perovskite structure. Taken from Ref. [4]
When t = 1, the structure belongs to cubic and t < 1 for the orthorhombic and
rhombohedral structures that are commonly observed in manganites. It has been observed that,
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the tilting of MnO6 octahedra has a large influence on transport properties of manganites. It is
clear from the above equation that, the distortion mainly depends on the ionic radii of the ions
present at the A-site. Another possible cause for the distortion may be the size mismatch at the A-
site arising from doping different ions at the A-site. The average ionic radius at the A-site is
calculated using the following equation A i i
i
r x r  , where xi and ri are the fractional occupancy
and the ionic radius of the ith cation, respectively. The change in ionic radii affects the Mn-O-Mn
bond angle and in turn distorts the MnO6 octahedra, which largely affects the electrical and
magnetic properties in a compound5. The magnitude of disorder arising from doping of different
size of cations at the A-site can be evaluated by the variance of ionic radii6,7 22 2A i i A
i
x r r   .
This size variance due to different sizes of A-site dopants leads to displacement of oxygen
atoms8. The displacement of oxygen ions also tilt the MnO6 octahedra and induce distortion in
the compound.
1.3 Orbital Ordering
In manganites, the electronic properties are closely connected to the lattice. These
compounds show many interesting features due to the strong interplay between the spin, charge,
orbital and lattice degrees of freedom. In case of AMnO3 (A = La3+, Pr3+, Nd3+), Mn exists only as
Mn3+ because the total charge in the compound has to be balanced. The Mn3+ ion (4s23d4) has
four 3d electrons in the outermost energy level and has to be accommodated within five
degenerate orbitals. These degenerate energy levels can be split by crystal field into three t2g
orbitals (dxy, dyz, dzx) and two eg orbitals ( 2 23Z rd  , 2 2x yd  ) with a large energy gap between t2g and
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eg orbitals, in octahedral symmetry9. The crystal field is an electric field produced due to the
neighboring atoms in the crystal and it depends mainly on the symmetry of the local octahedral
environment10. The crystal field splitting energy between t2g and eg levels is 1.5 eV in case of
LaMnO3. According to Hund’s rule, the electronic configuration of Mn3+ is t2g3eg1 i.e. Mn3+ has
one outermost electron. Since, only Mn3+ ions are present in the compound, the outermost eg
electrons cannot participate in the transport process due to Coulomb repulsion among the
neighboring eg electrons. Hence, the Mn3+ ions often show a long range eg orbital ordering
associated with the cooperative Jahn-Teller effect (JT) i.e. the two eg orbitals ( 2 233 Z rd  , 2 23 x yd  )
ordered in the ab plane in an alternating fashion. The splitting of energy levels by JT distortion is
shown in Fig. 1.2. There are two types of distortions associated with the JT effect: Q2–type and
Q3–type, which are shown in Figs. 1.3 (a), and (b), respectively11. The Q2–type distortion is an
orthorhombic distortion obtained by certain superposition of 2 233 Z rd  and 2 23 x yd  orbitals. The
Q3–type distortion is a tetragonal distortion which results in an elongation or contraction of the
MnO6 octahedron corresponding to the filled 2 233 Z rd  or 2 23 x yd  orbitals, respectively.
Mathematically, the Q2 and Q3 distortion modes are expressed as Q2 = 2(l - s) /√2 and Q3 = 2(2m
– l - s) /√6, where l and s are Mn-O bond lengths in the ab plane and m is the Mn-O out of plane
bond length11. Hence, the values of l, s and m will determine the type of distortion present in the
compound. This JT distortion occurs at a much higher temperature (TJT ~ 800 K) than the
antiferromagnetic transition temperature (TN ~ 140 K) in LaMnO3. The studies of doped LaMnO3
showed that, the JT distortion is very effective in lightly doped compounds i.e. for large
concentration of Mn3+ ions. With increasing Mn4+ ions, the JT distortion is suppressed. For a
critical concentration of 21% Ca and 12.5% Sr doping at the A-site, the JT distortion is
completely suppressed.
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Fig. 1.2: Energy level splitting of degenerate d-orbital’s by Jahn-Teller distortion.
Fig. 1. 3 The relevant modes of vibration are (a) Q2 and (b) Q3 for the splitting of the eg
doublet (Jahn–Teller distortion). Taken from Ref [4].
In a compound, where only Mn3+ ions are present, the t2g electrons are stabilized by
crystal field splitting and viewed as a localized state due to the strong correlation among
electrons. The eg electrons also form localized state due to the strong hybridization between the
eg–orbital and 2p-orbital of oxygen, forming so called Mott insulators12. However, the eg
electrons are itinerant and participate in the conduction process, when holes or Mn4+ ions are
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created in the eg orbital state by doping divalent ions at the La site. There exists a strong
coupling between the t2g electron localized spin and eg conduction electron spin, which follows
Hund’s rule. The exchange energy or coupling energy, JH, is very large ~ 2-3 eV in manganites
compared to the intersite hopping interaction 0ijt of the eg electron between the neighboring site i
and j. In strong coupling limit (JH≫ tij), the effective hopping interaction of eg electrons can be
expressed as: 0 cos( / 2)ij ij ijt t  , where θij is the relative angle between the neighboring spins13.
This equation suggests that the magnitude of the hopping interaction depends on the angle
between the neighboring spins. When the spins are aligned parallel (i.e. in ferromagnetic state),
0
ij ijt t (θij = 0). This ferromagnetic interaction via hopping of eg (conduction) electron is
termed as Zener’s double exchange interaction after the idea put forward by Zener14 in 1951. A
schematic representation of the double exchange mechanism is shown in Fig. 1.4. At and above
the ferromagnetic transition temperature (TC), the spins are randomly oriented in different
directions. Hence the effective hopping interaction is reduced on an average, which leads to the
enhancement of dc resistivity in this region. However, the spins around TC are easily aligned by
Fig. 1.4 Schematic representation of the double exchange mechanism proposed by Zener.
Adapted from Ref. [4].
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the application of external magnetic field and hence a large magnetoresistance (MR) is observed
around the TC. So, Zener’s double exchange model satisfactorily explains the occurrence of
large magnetoresistance around the TC.
The prototypical manganite, La1-xSrxMnO3, is a well studied ferromagnetic system based
on Zener’s double exchange interaction because of its largest one-electron band width and hence
is less affected by the electron-lattice and electron-electron coulomb interactions. With increase
in hole doping in LaMnO3 (i.e. Sr doping at the La site), the angle between the spins in the
ordered antiferromagnetic state decreases and they produce spin canting15. The angle between
neighboring spins decreases with increasing doping concentration and finally the
antiferromagnetic state (x = 0) transforms into a ferromagnetic state for x > 0.15. The
ferromagnetic phase increases with further increase in doping up to x = 0.3 and then saturates.
The TC is found to be highly sensitive to the doping concentration of divalent ions and also to
self doping and Mn-site substitution by other transition metal ions.
Urushibara et al.16 studied the temperature dependence of the dc resistivity for selected
compositions in this series (x ≤ 0.4) and found a semiconducting behavior (dρ/dT < 0) above TC
and metallic behavior (dρ/dT > 0) below TC for x ≤ 0.3. For x = 0.175, they showed that
maximum MR occurs in the region separating the insulating state at high temperature from
metallic state at low temperature. Note that this study is performed on single crystals. The MR is
defined as MR = [ρ(H)- ρ (0)]/ ρ (0). A correlation between the magnetoresistance and
magnetization is also found near TC, which is expressed by a scaling function as follows.
   2( ) (0) / (0) / sH C M M     . Where, Ms is the saturation magnetization of the
compound. The scaling constant, C, measures the effective coupling between the eg conduction
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electron and t2g local spin and is highly sensitive to the doping concentration. The above relation
is also valid for polycrystalline samples at higher fields, but it is not valid for low fields. The
power exponent is less than 2 at low field in polycrystalline samples. In polycrystalline samples,
the MR shows rapid increase at lower magnetic field, followed by slow increase at higher
magnetic fields17. It was suggested that while the motion of ferromagnetic domain walls occur in
the ferromagnetic state, the grain boundaries also contribute to MR at T ≪ TC. Interestingly, both
the features are observed in the field dependence of MR at T ≪ TC, which is absent in single
crystals.
Another important feature in CMR manganites is a semiconducting or insulating behavior
in resistivity above TC in low x region (x = 0.15-0.2). In these cases, the MR is more pronounced
around TC. Since the resistivity was too high to be interpreted in terms of DE model, Mills et
al.18 suggested its origin to the dynamic JT distortion. It is to be noted that, static JT distortion
vanishes for x > 0.125. However, dynamic JT distortion can remain finite above TC when the
carrier mobility is reduced by disorder spin configuration in the paramagnetic state. In fact, the
dynamic JT distortion is observed above TC in narrow band-width systems e.g. in La1-xCaxMnO3.
Another possible origin of the resistivity increase above TC and its suppression under magnetic
field has been attributed to the Anderson localization of the DE carriers arising from the random
potential present in the solid solution19 or to antiferromagnetic spin fluctuations, which competes
with the DE interactions20. However, from the above discussions it was not clear how the orbital,
spin and lattice degrees of freedom of eg electron are related. J. B. Goodenough et al. suggested
that the ferromagnetism between Mn3+-O2--Mn4+ can also occur via indirect superexchange
interactions21,22. Goodenough-Kanamori also suggested the presence of antiferromagnetic
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Fig.1.5 The left panel shows the schematic diagram of the orbital and spin order in the hole
doped manganites, the corresponding magnetic phases C, F and A are labelled and the
right panel shows the temperature dependence of resistivity at different magnetic fields for
Nd1-xSrxMnO3 with the respective magnetic phases. The numbers in the parentheses
represent the uniaxial lattice strain, c/a ratio, indicating the coupling of the magnetism to
the orbital order shown in the left panel. Taken from Ref. [23].
superexchange interactions between Mn3+-O2--Mn3+ and Mn4+-O2--Mn4+ ions, which occurs via
intervening oxygen. However, the interaction between Mn3+-O2--Mn3+ ions can be ferromagnetic
or antiferromagnetic depending on the relative orbital orientation. Hence, there is a possibility of
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correlation among orbital, spin and lattice degrees of freedom in manganites. Here is an example
of hole doped manganite, Nd1-xSrxMnO3, shown in Fig. 1.5 demonstrating the correlation
between orbital and spin leading to different electronic and magnetic states depending the level
of doping at the rare earth site (Nd). With appreciable doping, the orbital order melts and the
compound shows a ferromagnetic-metallic (F) state for 0.3 < x < 0.5. When doped further, the
compound shows the 2D metallic state with layered-type antiferromagnetic (A) state for 0.5 < x
< 0.7. Doping above x = 0.7 further alters the magnetic structure to the chain type (C). The
representative resistivity behavior as function of temperature is also shown. Now we will discuss
the importance of charge ordering in the colossal magnetoresistance behavior and its correlation
with spin, lattice and orbital degrees of freedom in manganites.
1.4 Charge Ordering
Charge ordering in manganites refers to the ordering of transition metal ions in different
oxidation states on specific lattice sites. This charge ordering generally localizes the charges and
restricts the electron hopping from one site to other.  This renders the material semiconducting or
insulating. The study of charge ordering recently received a lot of attention due to the discovery
of colossal magnetoresistance and other novel properties, although this phenomenon was first
reported by Wollan and Koehler24 in 1955 and later by Jirak et al.25 in 1985. Generally, the
charge ordering is favored in the half doped compounds (e.g. in RE0.5AE0.5MnO3, where RE =
La, Pr, Nd, AE = Sr, Ca) because of the 1:1 ratio of Mn3+ and Mn4+ ions. However, it was also
found in compositions with 0.3 < x < 0.7, depending on the size of RE and AE ions. In the case of
La1-xCaxMnO3 with x = 0.5, the ferromagnetic state transforms into a charge ordered state with
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lowering temperature below 150 K. This charge ordered insulating phase at low temperature is
associated with the antiferromagnetic ordering of spins and orbitals, forming so called CE type
ordering22,26 are shown in Fig. 1.6. This periodic arrangement of Mn3+ and Mn4+ ions reduces the
Coulomb repulsion energy and exchange interaction energy among the ions by orbital ordering23.
In addition, it also reduces the JT distortion energy of Mn3+ ions. The evidence for charge, orbital
and magnetic ordering in La0.5Ca0.5MnO3 was found by Cheong and co-worker27 in 1997.
Synchrotron X-ray and neutron diffraction study indicated a hysteric behavior in lattice
parameters between the TC and TN due to the development of JT distortion of MnO6 octahedra. A
coherent ordering of two octahedra (Mn3+ and Mn4+) was also observed from X-ray satellite
Fig. 1.6: Schematic diagram of Spin, charge and orbital ordering pattern observed for most
of the x = 0.5 manganites. Taken from Ref. [28].
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reflections around the onset of antiferromagnetic transition. These satellite peaks were also found
to be associated with the transverse modulation with q = [1/2-ε, 0, 0], which indicates that the
quasi-commensurate (ε ~ 0) orbital ordering occurs in the a-c plane.
The most significant feature of the charge ordered manganites is the magnetic field
induced melting of charge ordered state, which transforms from charge ordered
antiferromagnetic insulator to a ferromagnetic metal upon the application of external magnetic
field. This phenomenon was first reported by Kuwahara et al.29 (1995) in Nd0.5Sr0.5MnO3. It was
also observed in Pr1-xCaxMnO3 (x = 0.3), where the resistivity drops by more than four orders of
magnitude under magnetic field at low temperatures and a CMR state is achieved30,31. It was
found later that the CMR state in the charge ordered phase can also be achieved by electric field,
pressure, light and impurity doping at the Mn-site28. The melting of charge ordered state leads to
a huge hysteresis in dc resistivity and magnetization and sometimes leads to a phase separated
state, where both charge ordered and ferromagnetic phases co-exist.
1.5 Phase separation
The phase separation (PS) refers to the co-existence of two or more phases present in the
compound. The most relevant examples here are the cuprates at the hole densities in the under
doped region and manganites in the CMR regime1. While the antiferromagnetic insulating and
superconducting or metallic phases co-exist in cuprates, charge ordered antiferromagnetic
insulating phase and ferromagnetic metallic phase co-exist in manganites. The competing
interactions between these two phases in the manganites lead to the inhomogeneous ground state
and phase separation in the compound32,33. This phenomenon was first observed by Nagaev et
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al.34 in an antiferromagnetic semiconductor, where ferromagnetic phase was induced by doping
of electrons in an antiferromagnetic matrix. The idea was to form micro or nano size clusters
from macroscopic ones by reducing the coulomb repulsion among the electrons, which was
possible in a two phase system of opposite sign. Hence, an interesting feature of the PS system is
that it covers a wide range of length scales between 1 and 200 nm and can be static or dynamic32.
In other words, the PS state can be described as a state, where the competition between a charge
localized phase and charge delocalized state occurs.
The intrinsically inhomogeneous PS states in manganites give rise to very interesting
electrical and magnetic properties including the colossal magnetoresistance effect. As discussed
earlier, the CMR state arises from the double exchange interaction between Mn3+ and Mn4+ ions,
which favors FM metallic phase below TC and paramagnetic insulating phase above TC. The JT
distortion of Mn3+ ions localizes the eg electrons in the PM insulating state and favors Mn3+ and
Mn4+ charge ordering.  This CO phase competes with the FM metallic phase and promotes
antiferromagnetic insulating behavior35. The PS states occur in many manganites at a critical
doping concentration and is observed in either ferromagnetic or charge ordered ground states.
However, the ferromagnetic and charge ordered cluster sizes at this state may vary depending on
the average ionic radii at A-site, carrier concentration, temperature, electric and magnetic fields32.
Such a microscopic or macroscopic inhomogeneous distribution of electrons and their
interactions produce a rich phase diagram in electrical and magnetic properties in manganites.
A clear evidence of electronic phase separated state in manganite has been observed
experimentally by a variety of techniques such as neutron diffraction, electron microscopy,
transmission electron microscopy32 etc. Wollan and Koehler24 found the coexistence of FM and
A-type AFM phases in La1-xCaxMnO3 using neutron diffraction technique. The coexistence of
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insulating and ferromagnetic metallic phases in La5/8-yPryCa3/8MnO3 was also observed using
electron microscopy by Uehara et al36. A metallic region under magnetic field and a large
residual resistivity was also observed at low temperature in the phase separated state suggesting
the percolative conduction through metallic clusters embedded in the insulating matrix.
However, the phase separation occurred in a large length scale (~ 500 nm) in this compound
compared to the nanoscale phase separation of FM and CO clusters between the TC and TN of
La0.5Ca0.5MnO3. Fath et al37 also demonstrated using scanning tunneling microscopy (STM) that
the size of these clusters in the percolation region strongly depends on the strength of magnetic
field. Many other researchers also studied this PS state by scanning tunneling magnetic force
microscopy and found very interesting electrical and physical properties in the phase separation
region of manganites37,38.
1.6 Magnetocaloric Effect
The magnetocaloric effect (MCE) is defined as the heating or cooling of a magnetic
material under the application of magnetic field. This has also been referred as adiabatic
demagnetization for years, even though this is one practical application of the MCE in magnetic
materials. It was first observed in iron by E. Warburg in 1881, and explained by E. Debye in
1926. The coupling of magnetic sublattice to the applied magnetic field results in MCE, which
changes the magnetic contribution to the entropy of the system. The entropy of a magnetic
material depends on the temperature and magnetic field. All magnetic materials intrinsically
show MCE, but the intensity of the effect depends on the properties of the individual material.
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1.7 Schematic picture illustrating the two basic processes of magnetocaloric effect.
In a ferromagnetic system, the total entropy is the sum of the magnetic entropy (Sm), lattice
entropy (Sl) and electron entropy (Se). S (T, H) = Sm (T, H) + Sl (T, H) + Se (T, H). Under
isothermal conditions, the magnetic domains will be aligned in the field direction under the
application of external magnetic field and hence magnetic entropy decreases. If there is no
exchange of heat with the environment, the total entropy will remain constant. Hence, the lattice
and electron entropy must increase to compensate the decrease in magnetic entropy and in turn
the temperature of the magnetic material increases. This is schematically shown in Fig. 1.7.
The parameters quantifying the magnetocaloric effect are, adiabatic temperature change,
∆Tad, and isothermal magnetic entropy change (∆Sm). According to Maxwell’s thermodynamical
relations, the isothermal magnetic entropy change produced by the variation of a magnetic field
from 0 to H is given by
0
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Fig. 1.8 Entropy vs. Temperature diagram showing the two processes involved in MCE, by
means of representing the total entropy in two different magnetic fields.
For magnetization measurements made at discrete field and temperature intervals, Sm(T,
H) can be approximated as follows:
1
1
( , ) ( , )( , ) i im
i i i







Where Mi+1(Ti+1, H) and Mi(Ti, H) are the magnetization values at temperatures Ti+1 and Ti,
respectively for a magnetic field interval of H. Hence, the change in temperature under
adiabatic conditions can be approximated as follows:
( , )( , )ad m
TT S T H dH
C T H
    (3)
Where,  ( , ) HC T H T S T   is the specific heat at constant magnetic field.
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MCE can be directly measured by measuring the initial and final temperatures of the sample
under the field change from starting value (H1) to a final value (H2). These measurements can be
carried out by directly attaching the temperature sensor to the sample or also by non-contact
methods. It is very important that a rapid change in magnetic field has to be achieved to directly
measure MCE. This is possible either by placing the sample at fixed position while changing the
magnetic field or by moving the sample in and out of uniform magnetic field. The accuracy of
the direct measurements mainly depends on the errors in the thermometry, the filed values, field
dependence of temperature sensor values and how good the thermal insulation of the sample. An
alternative to the above mentioned is a differential scanning calorimeter (DSC) for determining
MCE associated with first order field induced magnetic transitions. In this method, the latent heat
involved in the first order phase transition is measured and the same can be used in determining
the entropy change associated with the process. In most of the cases, MCE is determined by
indirect methods in which the change in the magnetic entropy (∆Sm) is calculated from the
magnetization measurements and then adiabatic change in the temperature (∆Tad) can also be
estimated along with the heat capacity measurements. Determining the ∆Sm is very fast and
easier process and many a times it is useful to rapidly scan for potential magnetic refrigeration
materials. Another important parameter to evaluate the efficiency of magnetic refrigeration of
any magnetic material is Relative Cooling Power (RCP), which is defined as the product of
(∆Sm)max and the corresponding Full width at Half Maximum (FWHM) of the ∆Sm vs T curve
and given by the following equation. max( )m FWHMRCP S T   . This equation highlights the
significance of having a large ∆Sm value, a peak in ∆Sm and distribution of peak of ∆Sm vs T
curve, which is reflected by means of δTFWHM.
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The cooperative phenomenon of spontaneously ordering of magnetic moments in a
paramagnetic material strongly varies in a narrow temperature range around the transition
temperature, normally Neel temperature for antiferromagnets and Curie temperature for
ferromagnets. Under these conditions, the temperature derivative of magnetization has large
value and eventually leads to a significant values of MCE. The theoretical maximum magnetic
entropy is give by the expression Sm = R ln(2J+1), where R is the universal gas constant and J is
the total angular moment quantum number. And there are several factors which prevent the
experimental values from reaching the theoretical limit and it will be clear in the subsequent
chapters. Around the second order magnetic transition the MCE is determined using Maxwell’s
equations leading to the change in magnetic entropy and adiabatic temperature change listed
above.
The Sm is generally negative for paramagnets and ferromagnets as the magnetic entropy
decreases under a magnetic field and hence the adiabatic temperature change is positive for a
positive field change. Majority of the materials show second-order paramagnetic to
ferromagnetic transition in which magnetic entropy change is moderate except Gadolinium (Gd),
which shows a large magnetic entropy change (Sm ~ -9.7 J/kg K (132 J/cm2 K) for ∆H = 5 T at
TC = 293 K) around room temperature. A clear comparison between ∆Sm and ∆Tad exhibited by
Gd element is shown in Fig. 1.9. Magnetic refrigeration using solid magnetocaloric materials as
refrigerants is considered to be more energy efficient and environment friendly compared to
conventional refrigeration based on liquid-vapor compression cycle39. These materials can find
applications in cryogenic cooling in aerospace, military applications and in air conditioner
technology.
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Fig. 1.9 (a) ∆Sm as function of temperature (b) ∆Tad as function of temperature in single
crystal-Gd. The peak value and the FWHM along with the corresponding T1 and T2 that
can be used for calculation of relative cooling power are also indicated. Taken from Ref.
[40].
However, the magnitude of Sm and Tad can be greatly enhanced in the first-order paramagnetic
(PM) to ferromagnetic (FM) transition. The recent resurgence of interest in MCE materials is
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driven by the discovery of giant magnetocaloric effect41,42 accompanying first-order magneto
structural transition in Gd5Si2Ge2, MnFeP0.45As0.55 43 , NiMnGa44, LaFe13-xSix alloys45. Extensive
efforts are also in progress to enhance the MCE by adopting alternative methods or search for
new materials.
Fig. 1.10 The ∆Sm (left panel) and the relative cooling power (right panel) are plotted
against the Curie temperature for ∆H = 5T for the potential magnetocaloric candidate
materials for magnetic refrigeration in the sub-room and room-temperature range. Taken
from Ref[46].
The ∆Sm and the relative cooling power plotted against the Curie temperature for ∆H = 5T for
the potential magnetocaloric candidate materials for magnetic refrigeration in the sub-room and
room-temperature range are shown in Fig. 1.10 and a brief summary of comparison of the MCE
in inter-metallics and manganites can be found in a review by Phan and Yu46. Besides
intermetallic alloys, the CMR manganites also show appreciable MCE over a wide temperature
and hence are considered to be potential candidates for magnetic refrigeration47,48,49,50,51,52. The
manganites have additional advantages such as low cost, good chemical stability, easy
preparation method and easily tunable Curie temperature between 100 K and 400 K, compared to
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the rare earth based metal alloys. Thus, the manganites can be used as a magnetic refrigerant
material in ambient temperature and also at low temperature.
Very recently, an alternative strategy to achieve a large MCE through destruction of
nanoscale charge-orbital ordered clusters above TC in Sm1-xSrxMnO3 (x = 0.4) was
demonstrated53. In the narrow band ferromagnet Sm0.6Sr0.4MnO3, short-range charge-orbital
ordered clusters are dispersed in the paramagnetic matrix in zero field and they transform into a
ferromagnetic phase under a high magnetic field which results in a large magnetic entropy
change (Sm = -6.5 J/kg K for H = 5 T).  While wide band manganite (RE = La) shows a broad
peak at TC, a rectangular-shaped magnetic entropy profile emerges in narrow band width
manganites (RE = Sm0.5Gd0.5). Furthermore, the (Sm0.5Gd0.5)0.6Sr0.4MnO3 compound also shows
a large value of -Sm ≈ 9-10 J/kg K over a temperature range of T = 90-50 K. The nearly constant
Sm over a wide temperature range is desirable for practical applications.
1.7 Effect of Mn-site doping
Mn site doping in charge ordered manganties has been one of the important means of
destabilizing the CO state, tailoring its strength and inducing different new phases54,55. Impurity
doping at the Mn site introduces a direct effect in the Mn-O-Mn network, that is mainly
responsible for the electric and magnetic properties of the materials. It is always interesting to
see how drastically the physical properties of the CO materials are influenced by doping different
impurity elements as these doped elements can affect the Mn-O-Mn bond angle, Mn-O bond
length and the octahedron surrounding the Mn ion. The charge and orbitally ordered
antiferromagnetic state is so sensitive to the Mn-site substitution that a few percent of Mn-site
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doping brings about remarkable changes in the magnetic and transport properties, without
majorly influencing the crystal structure. Earlier studies on Mn-site dopants, namely Cr, Ru, Ni,
Fe or Co, in low bandwidth manganites R0.5Ca0.5MnO3 (R = Nd, Pr and Sm) reavealed the ability
to suppress the robust charge ordered state and effectively induce ferromagnetic tendencies
(Ref). Among these elements listed above, Ru doping is found to be very efficient in stabilizing
the long range ordered ferromagnetic metallic phase by rapidly suppressing the
antiferromagnetic insulating phase. Besides, an important remark in view of the outer electronic
configuration is that the elements with no d orbitals or partially/completelyfilled orbitals are
unable to induce ferromagnetism56. Fig 1.11, better illustrates the effect of Mn-site doping. In the
top panel we can see the phase diagram of different charge order compounds in the plane of
magnetic field and temperature. Well below the charge/orbital-ordered temperature (TCO), the
magnetic fields required to destabilize/destroy the charge-ordering are as high as ~ 28 T for (Pr,
Nd)0.5Ca0.5MnO3 and its even higher, around 63 T, in case of Sm0.5Ca0.5MnO3. Consequently,
these materials in this charge order state exhibit anti-ferromagnetic insulating behavior.
Interestingly, such a robust charge/orbital state can be destabilized by doping finite amount of
impurity elements at the Mn-site in these manganites. A particular example is show in the bottom
panel of Fig. 1.11 for Pr based charge-ordered manganites, where in, two different categories are
observed. One category of elements (Co, Ni, Cr, Ru etc.) has the ability to destroy the charge-
ordering and induce ferromagnetic-metallic state where as other category fails to do so. A
detailed investigation in this direction is needed to understand these differences.
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Fig. 1.11 (Top panel) charge/orbital-ordering phase diagram in the plane of magnetic field
and temperature for various R0.5A0.5MnO3 crystals, (R = trivalent rare-earth ions; A=
divalent alkaline-earth ions). (Bottom panel) temperature dependent resistivity curves for
Pr0.5Ca0.5Mn0.96B0.05O3 manganites. B = Mg, Al, Ti, Fe, Sc, Co, Ni, Cr, Ru and Rh. Taken
from Ref. [28 and 56].
When it comes to Bi based compounds the charge ordering is more robust compared to
any other above mentioned materials because of the 6S2 lone pair effect of Bi3+ ions and for this
reason, Mn substitution in Bi-based manganites deserves a special attention. The impact of
charge ordering on the magnetism in these compounds is so significant that the initial attempts
on the Mn-site substitution by Cr or Ni ions failed to induce a ferromagnetic metallic state57,58.
Later, X. Li et al.59 have been successful in doping Cr at Mn-site and have also shown that Cr
doping as high as 12% is need to destabilize the charge ordering in these compounds and a
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complete ferromagnetic phase has not yet been induced unlike in the case of other rare earth
based materials. A significant difference to be noted here is that, even though the level of doping
at the Mn-site, to destabilize the charge ordering, has to be high, there develops an impurity
phase after certain amount of doping59 that indeed is not very helpful to see at what level of
substitution the charge-ordered phase can be completely destroyed and a ferromagnetic long
range order can be induced.
1.8 Scope and Motivation of the present work.
Currently there exists more of electrical transport and very few magnetization studies on
the effect of Mn-site doping in various CO compounds and some of them are listed above. But, a
systematic investigation of the nature and extent of this CO destabilization on a particular effect,
like MCE, is lacking. A coordination among various physical properties, electrical, magnetic and
thermal transport, can be derived by choosing a system in its charge ordered state and carrying
out a detailed study.  The motivation behind the present work essentially lies in finding out the
intricacies of the behavior exhibited by doping different elements at Mn-site. To be more
specific, we would like to investigate (i) why don’t all magnetic impurities (e.g. Fe, Cr and Ru)
doped at Mn-site lead to the same electrical and magnetization behavior? (ii) If at all, there is a
role played by the structure, how will it influence the nature of phase transitions? (iii) In cases
where we observe first and second order nature of phase transitions, how will it be reflected in a
particular case of MCE and how exactly the MCE can be used as a tool to detect nature of phase
transitions in charge/orbital destabilized Pr based manganites? (iv) More importantly, unlike Cr,
will Ru be able to destabilize the charge ordering for low amounts of doping at Mn-site in Bi
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based charge-ordered compounds? (v) Can more of impurity doping at Mn-site be possible by
varying the Ca content in Bi1-xCaxMnO3? And what will happen to the impurity phase, if
develops after a critical amount of doping, when we substitute more and more of Ru at the Mn
site in these compounds? To understand these questions, we chose a CO compound
Pr0.6Ca0.4MnO3 and systematically investigated the charge destabilization effect by Mn site
doping with elements of different electronic configurations that include magnetic and non-
magnetic elements (Cr, Co, Ni, Ru, Fe and Al). Pr1-xCaxMnO3 exhibits CO state above x = 0.3
and particularly close to x = 0.5. The same studies will be carried out for the most robust system
Bi1-xCaxMnO3.
Organization of the thesis
The present thesis work besides this chapter is organized as follows. Chapter-2 provides a
general description of the experimental techniques employed in the thesis work, which includes
sample preparation method, dc electrical, magnetic, magnetothermal and thermal expansion
(strain), characterization techniques. Chapter-3 describes the electrical, magnetic, thermal
expansion and magnetocaloric properties of Pr1-xCaxMn1-yByO3 (B = Cr, Fe, Co, Ni, Ru and Al).
In chapter-4, we have investigated the B-site (Mn-site) doping effect on the structural, electrical,
magnetic and magnetocaloric properties of Bi1-xCaxMn1-yRuyO3 and a summary of the thesis and





In this chapter we present an overview of the synthesis and characterization techniques used for
the materials. All the polycrystalline samples were synthesized by the solid state reaction method
and structurally characterized by X-Ray diffraction (XRD) technique. Direct Current (DC)
electrical and magnetotransport measurements were carried out using a Physical Property
Measurement System (PPMS). DC magnetization measurements were carried out using a
Vibrating Sample Magnetometer (VSM) integrated with PPMS.
2.2 Synthesis of Materials
Polycrystalline samples were prepared by standard solid state reaction method. This
method involves mixing, grinding, and firing of the component oxides until a single-phase
material is formed. The pristine compounds used for the synthesis are mainly elements in oxide
and carbonate forms with minimum of 99.99% purity. Stoichiometric weights of the samples
were taken in appropriate proportions, mixed thoroughly with an agate mortar and pestle. The
well ground powders were then fired in the furnace. Upon first firing, the precursors decompose
to fine powders. The high reactivity of the fine powders helps the reaction process to occur in the
subsequent firing. Since the solid state reaction method involves ionic diffusion process, which is
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a slow process and requires high thermal energy, we sintered our samples at high temperatures
for longer duration. After sintering, the samples were characterized by X-Ray Diffraction. Once
the single phase of the compound had been achieved, the powders were pressed into pellets and
final sintering was carried out.
Sample Characterization Techniques
2.3 X-Ray Diffraction
X-Ray diffraction (XRD) is one of the important tools to identify crystalline phases and
crystal structure of solids. This technique is based on the principle of Bragg’s law. The
crystalline compounds with regular arrangement of ions/atoms are capable of diffracting the X-
ray radiation because the inter atomic distances are comparable to the wavelength of X-ray i.e.
When X-rays with a wave length, λ, incident at a glancing angle, θ, on the planes of the
crystalline material comprising lattice planes with a spacing d, these rays will be reflected from
the planes. Hence, the path difference between the X-rays reflected from successive planes will
be 2d sinθ. The reflected rays will interfere constructively, when the condition, nλ = 2d sinθ, is
satisfied. For all other cases, destructive interference will appear.
Philips X’pert MPD with Cu-Kα (λ = 1.542 Å) radiation was used for XRD
measurements of the samples. We have employed a constant slow scan rate for all samples. The
intensities of the diffracted beams were detected by a movable detector and the resultant XRD
patterns were obtained in the form of diffraction intensity and 2θ (degrees).
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2.4 DC magnetization measurements
DC magnetization measurements as a function of temperature and magnetic field were recorded
using VSM integrated with PPMS in which superconducting magnet has been installed. The
VSM works based on principle of Faraday’s law of induction, which states that an e.m.f is
induced in a conductor by a time-varying magnetic flux. In VSM, sample is magnetized by a
homogeneous magnetic field and is vibrated sinusoidally at small fixed amplitude with respect to
a fixed position, surrounded by stationary pick up coils. The resulting field change at a fixed
point inside the detection coil induces a voltage, which is a measure of the magnetic moment of
the sample. The sample is suspended with the help of a non-magnetic rod, which vibrates over an
amplitude of 2 mm at a frequency of f = 40 Hz. The sensitivity of our VSM is 10-6 emu. A
maximum magnetic field of 7 T is used for some of the measurements. The measurements are
performed as a function of temperature in the temperature range 400 – 10 K using PPMS. The
commercial experimental set up in our lab used for dc magnetization measurements is shown in
Fig. 2.1. Multiview software, provided along with the setup, was used for automation and control
of the parameters in magnetization measurements and to record the data.
Fig. 2.1 Vibrating Sample Magnetometer (VSM) module attached to Physical Property
Measurement System (PPMS)
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2.5 DC magnetotransport measurements
Fig. 2.2 Schematic diagram of four probe configuration
The four probe technique was used to measure dc electrical and magnetotransport
properties of samples. A current was applied to the sample across two ends and the voltage was
measured across the middle contacts of the sample, as shown in Fig. 2.2. The Ohm’s law (R =
V/I) was used to determine the dc electrical resistance of the sample. The dc resistivity was
calculated using the expression,  = RA/l, where A is the area of the surface, on which the current
probes are connected and l is the distance between the voltage probes. Four probe dc resistivity
of the sample was measured as a function of temperature and magnetic field using PPMS
(Quantum Design, USA). The Multiview software was used for automation, control of the
parameters and recording the data.
2.6 Magnetocalorimetric measurements
The magnetocaloric effect was determined from the magnetic isotherms recorded at
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magnetic entropy change (∆Sm), the above integration was numerically approximated to the
following equation     1
1
( , ) ( , )( , ) , 0, i im m m
i i i
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 ,
where Mi+1(Ti+1, H) and Mi(Ti, H) are the magnetization values at temperatures Ti+1 and Ti ,
respectively for a magnetic field interval of ∆H. Hence, the above equation was used to calculate
the magnetic entropy change as a function of temperature for selected ∆H.
An experimental setup has been designed and developed to measure the amount of heat
flow from the sample to the surroundings and eventually measure the MCE. The home built
differential scanning calorimeter (DSC) setup has been initially developed using a cryostat, works in
Fig. 2.3 (a) Differential Scanning Calorimeter measurement set up (Home built) using Janis
cryostat for temperature variation and (b) the block diagram
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the temperature range 320 K down to 50 K, and two peltier cells to measure the amount of heat
transfer during the phase transition. A close up photograph with the components of the DSC is as shown
in the Fig. 2.3(a). The peltier cell, sample and the temperature sensor (Si diode) are labeled as A, B and C,
respectively. Janis’s cryostat was used to slowly vary the temperature at the rate of 1 K/min with the help
of a LakeShore temperature controller. Keithley’s volt meter was used to measure the voltage developed
across the peltier cells, connected in differential mode to nullify the effect of background and all these
instruments had been controlled by MATLAB interface with the help of a PC. The block diagram
connecting all the components is as shown in Fig 2.3 (b). Because of some of the limitations of this setup,
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   Where, Hi and Hf are the initial and final fields of the transition.
Fig. 2.4 DSC measurement set up (Home built)
39
2.7 Strain measurements
A commercial PXI-4220 module from National Instruments has been integrated with PPMS to
carry out the strain measurements. A block diagram of this module, provided in the instrument
manual of PXI-4220, is shown in Fig. 2.5. In this module two strain gauges have been used to
Fig. 2.5 Front connector and general circuit diagram of PXI 4220 module.
measure the strain, one of which is attached to the sample and another is for the reference to
compensate for the background. The external strain gages so used are part of the strain gage
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configuration connected based on the concept of Wheatstone bridge. Wheatstone bridge is a
network of four resistive gauges and one or more of these gauges are active sensing element. In
principle, the Wheatstone bridge is an electrical equivalent of two parallel voltage divider
circuits. In this case the output of the Wheatstone bridge is measured between the middle nodes
of the two voltage dividers. Any changes in strain of the specimen will cause corresponding
change in the resistance of the sensing element in the Wheatstone bridge. The Wheatstone bridge
configuration is used to measure the small changes in the resistance that the sensing elements
produce reflecting the physical changes in the specimen and finally calibrated to provide us the
corresponding strain values. For our measurements, we used a Quarter bridge configuration that
is used to measure either axial or bending strain. In this configuration, two internal gauges are
used as half bridge completion resistors and a third gauge is used as a Quarter bridge completing
resistor, which is referred as dummy resistor because it’s not connected to the sample. The fourth
gauge is the active element measuring the strain.
Fig. 2.6 Block diagram representing strain gauge usage and connection in the circuit.
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Typical arrangement of strain gauge usage, bonding and connection in the circuit is
shown in the Fig. 2.6. The output here is related to the strain in the sample by means of gauge
factor. The equation connecting output voltage (e0), bridge voltage (E), gauge factor (K) and
strain (ε) is 0 4
E
e K . R and Rg in the circuit represent fixed and gauge resistances,
respectively. Normally, the strain gauges are selected based on the type of use, including the
temperature range in which the sample is expected to undergo thermal expansion and
temperature and field compensations. When a material receives a tensile force, it has a stress
associated with the applied force and in proportion to the stress, the cross-section contracts and
the length elongates by a small amount. The ratio of the elongation to the original length ( L
L
 ) is
called a tensile strain. And it is important to note that strain is an absolute number and has no
units. The working principle of strain gauge is described as follows. Each metal has its specific
resistance. An external compressive force increases the resistance by elongating it. If R is the




 ; K is the gauge factor; it is the coefficient expressing strain gauge sensitivity. The
value of K is generally specified by the manufacturers.
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Chapter 3
Magnetic, electric, structural and magnetocaloric characterization
of Mn site doped Pr based charge ordered compounds
3.1 Introduction
Majority of materials show second–order paramagnetic to ferromagnetic transition in
which, magnetic entropy change is moderate. The metallic Gd had been a favourite choice for a
long time because of near room temperature ferromagnetic transition (TC = 293 K) and large
magnetic entropy change (ΔSM = -13.3 JKg-1K-1 for ΔH = 7 T), due to a high spin value (S = 5/2
for Gd)41, but the cost of Gd is a matter of concern. However, a strong coupling between
magnetic and structural order parameters leads to  field-induced first–order magneto structural
transition  that promotes a giant magnetic entropy change in materials such as Gd5Si2Ge2 41,60,
MnFeP0.45As0.55 43, MnAs61,62, and Ni2MnGa and related Heusler alloys63, compared to normal
ferromagnets which undergo  second-order paramagnetic to ferromagnetic magnetic transitions.
In addition to the well known colossal magnetoresistance and insulator-metal (IM)
transition, manganites having the general formula R1-xAxMnO3 (R= La, Nd, etc. and A = Ca, Sr
etc.) also show significant magnetic entropy change compared to other transition metal ions
doped perovskite oxides47,48,49,50,52. A comprehensive summary of the progress on MCE in
manganites can be found in a recent review by Phan and Yu46. Low cost, good chemical stability
and easy tuning of the Curie temperature are certain advantages of Mn-based oxides compared to
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the rare earth based alloys, although a large specific heat is a disadvantage. Manganites can be
classified into two main categories, one with the ferromagnetic metallic ground state such as
R0.7A0.3MnO3 (R= La, Pr, Nd, and A = Sr) and another with the charge-orbital (CO) ordered
antiferromagnetic insulating ground state such as R0.5Ca0.5MnO3 (R= La, Pr, Nd). Majority of the
existing MCE studies have focused on compounds with the ferromagnetic metallic ground state.
The MCE in compounds with the CO ground state such as R1-xCaxMnO3 (x ≈ 0.4-0.5 with R =
Pr64,65, Nd66, Sm67 etc.) received much less attention because of the need of very high  magnetic
fields (H ≥ 20 T) to destroy the CO ordering and convert the  antiferromagnetic insulating phase
into a ferromagnetic metallic phase68. The critical magnetic field needed to destroy the CO state
can be reduced by chemical substitution at the rare earth site or the Mn-site Surprisingly, charge
ordered state can be destabilized and a ferromagnetic phase can be induced  in the absence of
magnetic field by chemical substitution of ions such as Cr3+, Co2+, Ni2+ and Ru4+ at the Mn site
in R0.5Ca0.5MnO3 (R= Pr, Nd, Sm)69. In contrast, destabilization of the CO state  by A-site
substitution requires 20-40% doping by bigger cations70,71,72,73,74. Among the Mn-site dopants,
Ru doping was found to be more efficient in destroying the CO phase compared to Cr, Ni or Co75
possibly because of the itinerant nature of t2g4eg0 electrons of Ru4+ ions and ferromagnetic
superexchange coupling between Ru4+:t2g4eg0 and Mn3+ :t2g3eg1. Hence, one can anticipate a
dramatic change in the magnetic entropy in Ru-doped compound. Although electrical and
magnetic properties of the Mn-site doped manganites have been studied in the past,75,76,77 MCE
in these oxides has been scarcely investigated78. In this chapter, we have investigated MCE
systematically in B site doped Pr,Ca manganite series with the impurity B cations having
different electronic and spin configurations [B = Al3+(d0), Cr3+(d3), Fe3+(d5), Co2+(d7), Ni2+(d8)
and Ru4+ (d4)/Ru5+ (d3)] .
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3.2 Experimental Details
Polycrystalline Pr0.6Ca0.4Mn1-xCrxO3, and Pr0.6Sr0.4Mn1-xCrxO3 (x = 0, 0.02, 0.04, 0.06 and
0.08) and Pr0.6Ca0.4Mn0.96B0.04O3 (B = Al, Fe, Ni, Cr, Co and Ru) and Pr0.5Ca0.5Mn1-xRuxO3 (x =
0.03, 0.05 and 0.1) samples were synthesized from high purity (>99.9%) Pr6O11, SrCO3, CaCO3
and Mn2O3 by conventional solid-state reaction method. Stoichiometric amounts of powders
were thoroughly mixed, ground and subjected to heat treatment at 1000˚C. To obtain
homogeneous compounds, these precursors underwent heat treatment three times at 1100˚C and
1200 ˚C with intermediate grindings before the samples were pelletized and sintered finally at
1200˚C for 24 hours in air and cooled at 3˚C/min to 50˚C.  The samples were structurally
characterized by X-ray diffraction and found to be of single phase at room temperature.
Magnetization measurements of these samples were carried out using a commercial vibrating
sample magnetometer (VSM).
The magnetocaloric effect (MCE) is expressed by means of the isothermal magnetic
entropy change ∆SM associated with the variation of magnetic field, calculated from isothermal
magnetization curves. Based on thermodynamic theory, the magnetic entropy change caused by
the variation of external applied field is given by
( , )( , ) ( , ) ( ,0)M M M
dM T HS T H S T H S T dH
dT
     .
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Numerical evaluation of ΔSM was carried out by approximating the above equation to the
following equation 1 1
1
( , ) ( , )( , ) ( )
i i i i
M
i i i
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where Mi and Mi+1 are the magnetization values measured at temperatures Ti and Ti+1,
respectively.
The ΔSM has also been determined directly using a home built differential scanning
calorimeter (DSC) setup, which makes use of two peltier cells connected in a differential mode
to measure the heat transfer during the phase transition. Here, the voltage developed across the
peltier cells during the field sweep at a constant temperature has been measured. Our
experimental set up is similar to the design used by Jordi Marcos et al 79. We have checked MCE
for Gd and Gd5Si0.4Ge0.1 samples and the obtained values are found to be in good agreement with
earlier results. From the temperature dependent sensitivity of the peltier cell, dQ/dt and dQ/dH
are evaluated as a function of H, with a sweep rate of 40 Oe/sec, at different temperatures.
Eventually, the latent heat (L) and change in magnetic entropy (ΔSM) are obtained from the
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   , where, Hi and Hf are the initial and final fields.
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Results and Discussion
In the magnetic phase diagram, Pr1-xCaxMnO3 system exhibits a ferromagnetic insulating
state (FMI) for x < 0.3 and charge ordered region over a wide composition range, extending from
0.3 to 0.8. In this system the TCO increases with x and reaches a maximum at x=0.6 different
from the expected values of x =0.5. Moreover, the AFMI state follows the same region with TN ≤
TCO. And there exists a metallic cluster glass state in the range 0.89 ≤ x ≤ 0.92. On the other
hand, the magnetic phase diagram for Pr1-xSrxMnO3 system is characterized by the existence of
ferromagnetic state in the region 0.1 ≤ x < 0.5 mainly because of the large size of A cations. To
be more precise, we observe a FMI state for x <0.25 and FMM state for 0.25 ≤ x < 0.5. For 0.5 ≤
x ≤ 0.55 two magnetic transitions PMI-FMM and FMM-AFMI coexist. And in the region 0.55 ≤
x ≤ 0.9 AFM state is present. Upon comparing the magnetic phase diagrams of these two systems
we chose the value of x to be 0.4 for which Ca based system is in its AFM state where as Sr
based system is in its FM state and carried out the doping at Mn site and characterized both
systems and compared later. We have done a more systematic and detailed magnetic, electric and
magnetocaloric studies for this series of compounds and extended the studies towards a more CO
state, i.e x = 0.5 but by limiting the doped element to Ru.
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3.3 DC magnetic properties of Pr0.6Ca0.4Mn1-xCrxO3
A comparison of the temperature dependence of magnetization, M(T), of Pr0.6Ca0.4Mn1-
xCrxO3 for x = 0, 0.02, 0.04, 0.06 and 0.08 measured under H = 1 kOe is shown in Fig. 3.1. Note
that the M(T) of x = 0.02, 0.04, 0.06 and 0.08 have been shown on the right scale and M(T) of
the parent compound is shown on the left scale. Upon cooling, the parent compound (x = 0)
shows a peak around TCO = 240 K due to charge-orbital ordering and a weak anomaly around TN
= 170 K, which is due to development of CE-type antiferromagnetic ordering. A large hysteresis
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Fig.3.1 Magnetization as a function of temperature recorded at H = 1 kOe for
Pr0.6Ca0.4Mn1-xCrxO3 (x = 0, 0.02, 0.04, 0.06 and 0.08).
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in M-T between 40 K and 260 K, during cooling and warming, is due to strain relaxation
associated with charge-orbital ordering and disordering. In contrast to x = 0, the Cr doped
samples show paramagnetic to ferromagnetic transition characterized by a sharp increase in
M(T) at around 140 K. The transition temperatures (TC) are determined from the minima of the
dM/dT curves. There is no considerable change in the TC with varying Cr content. A hysteresis
of very small width (ΔT = 1 K) occurs around the transition between cooling and warming. The
x = 0.04 sample shows the highest magnetization at 10 K under 1 kOe.










































Fig.3.2 Temperature dependence of the inverse susceptibility (χ-1) for Pr0.6Ca0.4Mn1-xCrxO3
(x = 0, 0.02, 0.04, 0.06 and 0.08). The solid lines show the Curie-Weiss fit. Inset shows the
inverse susceptibility (χ-1) for Pr0.6Ca0.4Mn0.98Cr0.02O3 with Curie-Weiss fit in the
temperature regions (I) just above TC and (II) far above TC.
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In Fig. 3.2, we compare the temperature dependence of the inverse susceptibility (H/M),
1/χ, for Pr0.6Ca0.4Mn1-xCrxO3 (x = 0, 0.02, 0.04, 0.06 and 0.08). The 1/χ of the x = 0 shows a
linear behaviour above 260 K with the positive intercept on the temperature axis (θp = 260 K).
The onset of charge ordering promotes AFM 2.5× 10-3 K μB/f.u.Oe, respectively), determined
from the fit to the data just above TC in the temperature range 170-210 K, as shown in the inset
of Fig. 3.2, are one order of magnitude higher at temperatures close to TC, indicating the
presence of FM clusters. The Curie constant is given by C = N μ2B P2eff /3kB, where N is the total
number of correlations between Mn spins, which finally order in pseudo CE-type AFM structure
below TN = 170 K. On the other hand, 1/χ of the 2 % and 4% Cr doped Pr0.6Ca0.4MnO3 show a
strong deviation from the Curie-Weiss law below 260 K, although long range ferromagnetism in
these compounds is established below ~ 120 K. The deviation of the inverse susceptibility curves
from the Curie Weiss behaviour above TC indicates the existence of short range magnetic
interactions in the PM phase. It is known that the sample is phase segregated below TC,81 as
evidenced by the Lorentz microscopy observation of micron size ferromagnetic domains
embedded in antiferromagnetic matrix for 3% Cr doped Nd0.5Ca0.5MnO3 manganite.82 The size
of these FM micro domains become smaller with increasing temperature. It is most likely that
FM domains, with their size as small as nano meter, continue to exist over a certain temperature
range even above TC. The existence of ferromagnetic nanodomains above TC can be verified
with small angle neutron scattering experiment as reported for Y-doped La0.67Ca0.33MnO3,83 but
such an experimental investigation is currently not available on the compounds studied in the
present work. The existence of such FM nanodomains can lead to a deviation in the inverse
susceptibility behavior. According to the Curie-Weiss law, 1/χ = (T- θp)/C, where C is the Curie
constant. In the case of free paramagnetic ions, the expected value of C is 4.4 × 10-4 K μB/f.u.Oe.
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The obtained experimental values of C for x = 0.02 and 0.04 (6.9× 10-3 and paramagnetic entities
per cubic meter, kB is the Boltzmann’s constant, Peff = g2S(S+1) is the effective number of Bohr
magnetons, where g is Lande’s g- factor and S is the spin angular momentum quantum number.
If there exist ferromagnetic clusters of the average size m of Mn ions, then the number of
magnetic clusters will be N/m and the magnetic moment of each cluster is mgSμB. Replacing N
with N/m and S with mS, we obtain C = Nmg2S2μ2B/3KB. For non interacting Mn3+ and Mn4+
ions, the spin-only values of P2eff are 24 and 15, respectively with values of S being 2 and 3/2,
respectively. We can estimate the approximate size of clusters by comparing the values of
theoretical P2eff, with possible combinations of Mn3+ and Mn4+, with those of experimentally
determined. The estimated values of P2eff from experimental data, for x = 0.02 and 0.04 are 310
and 112, respectively. These values of P2eff very closely match with their theoretical
counterparts, P2eff = 323 and 120, calculated for five and three-clusters with the combinations of
Mn3+/Mn4+ as 2/3 and 1/2 (S = 17/2 and 5, respectively). This suggests the presence of FM
clusters with average sizes of five Mn ions in x = 0.02 (three Mn ions in x = 0.04), in the
temperature range 170-210 K above the TC. However, it has to be cautioned that presence of
short-range charge-ordering and associated structural distortion can also lead to non linearity of
the inverse susceptibility above TC, and hence estimation of the size of the ferromagnetic clusters
should be taken only as a rough estimate.  However, the values of C determined in the
temperature range just above TC, for x = 0.06 and 0.08 are, 8.2× 10-4 and 7.8× 10-4 K μB/f.u.Oe,
respectively, only slightly higher than that of free paramagnetic ions and the values of P2eff are
36.43 and 34.87, respectively. For T >260 K, all these compounds have values of C very close to
that of the non interacting Mn ions.
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3.4 Magnetocaloric properties of Pr0.6Ca0.4Mn1-xCrxO3
We measured magnetic isotherms to estimate the magnetic entropy change. Fig. 3.3
shows the magnetization isotherms for Pr0.6Ca0.4Mn1-xCrxO3 (x = 0.02, 0.04, 0.06 and 0.08).
Though we have recorded magnetization isotherms at each 5 K temperature intervals from 280 K
to 20 K, we show the data over selected temperature ranges, in the intervals of 10 K for clarity.
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Fig. 3.3 Magnetization isotherms at different temperatures for Pr0.6Ca0.4Mn1-xCrxO3 (x = 0,
0.02, 0.04, 0.06 and 0.08). The arrows indicate increasing and decreasing directions of the
magnetic field.
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The x = 0.02 and 0.04 samples show a ferromagnetic behavior below 140 K, i.e. a rapid increase
of magnetization at low fields followed by near saturation at high fields. However, M(H) curves
in the temperature range 160 to 180 K, i.e.,  T > TC, show a linear increase up to a critical field,
HC, above which they show a rapid increase. This rapid increase of magnetization indicates a
field-induced metamagnetic transition in the paramagneticstate. The transition is reversible but
with small hysteresis around HC while reducing the field. As the temperature is lowered, HC also
decreases and below TC, we don’t observe metamagnetic transition. The hysteresis in M-H
decreases with increasing x. The field-induced metamagnetic transition above TC is completely














































Fig. 3.4 Temperature dependence of the magnetic entropy change (ΔSM) for ΔH = 1, 2, 3, 4
and 5 T for Pr0.6Ca0.4Mn1-xCrxO3 (x = 0, 0.02, 0.04, 0.06 and 0.08).
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The magnetic entropy changes in all the four compositions as a function of temperature
are shown in Fig. 3.4. The magnetic entropy is negative over a wide temperature range in
Pr0.6Ca0.4Mn1-xCrxO3 (x = 0.02, 0.04, 0.06 and 0.08) and it shows a peak around 145 K for ΔH =
1 T. The magnitude of ΔSM increases and the position of the peak shifts upward by 15 K, 10 K, 5
K and 5 K with increasing field, from ΔH = 1 T to ΔH = 5 T for x = 0.02, 0.04, 0.06 and 0.08,
respectively. The peak at higher fields are broadened in x = 0.02 compared to x = 0.04. The
peak values of -ΔSM are 5.04, 5.99, 5.5 and 4.37 J/kg K, (x = 0.02, 0.04, 0.06 and 0.08,
respectively) under ΔH = 5 T, and are much larger than that of the parent compound (ΔSM = 2
J/kg K)78. The maximum observed value of -ΔSM, 5.99 J/kg K, for x = 0.04 is larger than the
ΔSM ≈ -4 J/(kg K) caused by metamagnetic transition in the phase separated
La0.27Nd0.4Ca0.33MnO384 but comparable to -6.2 J/(kg K) reported in Sm0.6Sr0.4MnO3.85 Majority
of ferromagnetic manganites show ΔSM = 2- 4 J/kg K with exceptions likeLa0.7Ca0.3MnO3 for
which SM = -7.53 J/kg K for H = 5 T. The large magnetic entropy in this compound is due to
the occurrence of the field-induced metamagnetic behaviour of M-H curves very close to TC.
However, in our compounds, the field-induced metamagnetic transition occurs over a wider
temperature range compared to La0.7Ca0.3MnO3.
3.5 DC magnetic properties of Pr0.6Ca0.4Mn0.96B0.04O3
Fig. 3.5(a) shows the temperature dependence of magnetization, M(T), for
Pr0.6Ca0.4Mn0.96B0.04O3 (B = Al, Fe, Co, Ni, Cr and Ru ) along with the undoped parent
compound   under a magnetic field of H = 0.1 T. A weak maximum in M(T) visible around T =
TCO = 230 K in the parent compound is the hall mark of  the charge ordering (i.e., ordering of
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electrons and holes of Mn3+ and Mn4+ ions, respectively) promoted by the cooperative Jahn-
Teller ordering of eg-orbitals. Below TCO, the parent compound undergoes pseudo CE type
antiferromagnetic ordering around TN = 170 K, which causes a very weak kink in M(T) around
this temperature. The rapid increase of M(T) around 40 K in this compound is generally
attributed to
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Fig. 3.5(a) Temperature dependence of magnetization (M) for Pr0.6Ca0.4Mn0.96B0.04O3 (B =
Fe, Al, Cr, Co, Ni and Ru) and Pr0.6Ca0.4MnO3 under H = 0.1 T.  (b) Field dependence of M
at 10 K for various impurities.
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polarization of the Pr moments. The TCO for B = Al is 10 K lower than that of the parent
compound but no signature of antiferromagnetic transition is visible in the M(T) for this
compound. Below TCO, M(T) continues to increase gradually down to 100 K but a rapid increase
occurs around 90 K.  The origin of this rapid increase in M(T) at 90 K is not clear at present but
it may be caused by the development of a ferromagnetic component due to spin canting in  the
antiferromagnetic Mn sublattice. This  transition is first-order as suggested by the thermal
hysteresis behavior. Though M(T) for B =  Fe sample shows a much weaker maximum around
TCO = 220 K and a tendency to increase rapidly below 120 K, it does not show hysteresis unlike
the B = Al compound. It is also to be noted that the magnetization for B = Fe at 10 K is lower
than that of B = Al under H = 0.1 T.  The M(T) for B= Co, Ni, Cr and Ru samples do not show
the high temperature peak corresponding to charge-orbital ordering. All these compounds show
paramagnetic to ferromagnetic transition at T = TC upon cooling. The ferromagnetic transition
temperatures (TC), determined from the point of inflection of the M-T curves are 52.5, 101.7,
108.9, 121.4, 140.9, and 203.4 K  for Al, Fe, Co, Ni, Cr  and Ru, respectively. We note that TC
varies over a temperature range of 100 K between B = Co and Ru.
Fig. 3.5(b) shows the field dependence of magnetization, M(H) for all the samples at T =
10 K. The measurements have been carried out after cooling the sample down to 10 K under H =
0 T. The M(H) of B =  Al increases linearly up to H = 3 T and then shows a rapid increase
(metamagnetic transition) due to the progressive conversion of the CO ordered matrix into a
ferromagnetic phase. When H is reduced from the maximum value (H = 5 T), the magnetization
traces a different path and it behaves like a soft ferromagnet with negligible remanence and
coercivity. This behavior is commonly observed in phase separated manganites86 and has been
attributed to the kinetic arrest of the antiferromagnetic/CO phase in the first-order transition.87,88
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A similar metamagnetic transition occurs for B = Fe but other compounds show soft
ferromagnetic behavior. The saturation magnetization, Ms, obtained from the extrapolation of the
high field part of the M(H, T = 10 K) curve to H = 0 T, increases from 2.84 μB/f.u. for Al  to
3.11, 3.38, 3.66, 3.81 and 3.79 μB/f.u. for B = Fe, Cr, Ni, Co and Ru, respectively. As the
magnetic moments of Co and Ru are quite close to each other, the enlarged version shown in the
inset of Fig. 3.5(b) helps to distinguish them at higher fields. The Co-doped sample has slightly
higher magnetic moment than the Ru-doped sample although the Curie temperature of the latter
(TC = 203 K) is much higher than the former (TC = 108.9 K).
3.6 DC electrical and structural properties of Pr0.6Ca0.4Mn0.96B0.04O3
Fig. 3.6(a) shows the zero field resistivity ρ(T) for all the impurities. While the samples
with B = Al and Fe remain semiconducting down to the lowest temperature, the samples with B
= Co, Cr, Ni and Ru undergo a semiconductor to metal transition with a peak in the resistivity
occurring close to TC.  The B = Al and Fe compounds, which are insulating in zero field, show
field-induced insulator-metal transition under H = 7 T as shown in Fig 3.6(b). The inset shows
the magnetoresistance (MR = [ρ(H = 0)- ρ(H =7 T)]/ ρ(H = 0)) expressed in percentage change.
A maximum MR of 99% has been observed for B= Fe and Al followed by Co (98.3 %), Ni (95
%), Cr (87.4 %) and Ru (61.4 %). The temperature dependences of linear thermal expansion for
Pr0.6Ca0.4Mn0.96Co0.04O3 under different fields, 0T, 3 T and 5 T, and field dependence at
temperature 120 K are shown in Fig.3.7 (a)- (d). The linear thermal expansion shown here as a
function of temperature clearly demonstrates the structural phase transition present in this sample
by means of the thermal hysteresis and the anomalous behaviour with decreasing temperature.
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The maximum thermal hysteresis can be observed under zero external magnetic fields. As the
applied magnetic field increases, the amount of thermal hysteresis around the transition and the
magnitude of the peak at the transition show a decreasing trend. The peak position corresponding
to the structural transition temperature shifts to higher temperatures with increasing the field. The
feature of the structural phase transition is clearer from the field dependence of the linear thermal
expansion recorded at temperature of 120 K.
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Fig.3.6 Temperature dependences of resistivity ρ(T) for Pr0.6Ca0.4Mn0.96B0.04O3 (B = Fe, Al,
Cr, Co, Ni and Ru ) under (a) H = 0 T and (b) H = 7 T. The inset shows the percentage
magnetoresistance for H = 7 T.
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Fig. 3.7 Temperature dependence of linear thermal expansion for Pr0.6Ca0.4Mn0.96Co0.04O3
(a) under 0 T (b) under 3 T (c) under 5 T and (d) field dependent linear thermal expansion
at T = 120 K.
From these measurements we are able to find out the presence of structural phase transition and
the thermal hysteresis in relative terms. In other words, the strain value at the starting of the
measurement is taken as a reference, hence we may not be able to express the absolute values of
the linear and volume expansion but these relative values will give a clear picture of the thermal





























Fig. 3.8 Temperature dependence of linear thermal expansion under 0 T, 3 T and 5 T for
(a) Pr0.6Ca0.4Mn0.96Cr0.04O3 (b) Pr0.6Ca0.4Mn0.96Ni0.04O3 (c) Pr0.6Ca0.4Mn0.96Ru0.04O3.
Fig 3.8 provides us the details of the effect of doping different elements Cr, Ni and Ru at
Mn site on the order of phase transition as a consequence of the presence or absence of the
structural phase transition. It is quite evident from this figure (Fig. 3.8) that after Co, the
dominant effect of structural transition is exhibited by Cr doping and then by Ni doping. Doping
Ru at the Mn site has almost no effect. The temperature dependence of strain at different fields
for Cr, Ni and Ru doped Pr0.6Ca0.4MnO3 is shown in Fig. 3.8. Accordingly we see that these
compounds exhibit first and second order magnetic phase transitions. These structural phase
transitions have a direct consequence while determining the values of magnetic entropy change,
which we are going to discuss in the next session. This is obviously because of the magneto
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elastic coupling present in these systems. The change in the structure as a function of
temperature drives the magnetization change as result of the magnetoelasitc coupling, which in
turn affect the entropy of the system associated with the external magnetic field.
3.7 Magnetocaloric properties of Pr0.6Ca0.4Mn0.96B0.04O3





























Fig. 3.9 Magnetization isotherms at selected temperatures for (a) B = Fe and (b) Al.
In order to calculate the magnetic entropy change, we have measured magnetization
isotherms at each 5 K interval from 300 K to 10 K for B = Fe and Al samples. But for clarity, we
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show data only at selected temperatures in figure 3.9(a) for B = Fe and 3.9(b) for B = Al. The
magnetic isotherms in the temperature ranges 20-100 K, 100-140 K and 140-300 K are shown in
the temperature intervals of 20 K, 10 K and 40 K, respectively for B = Fe and Al. While the
M(H) curves above 150 K increase linearly with H up to the maximum field of 5 T for B = Fe, a
field-induced metamagnetic transition with hysteretic behavior while increasing and decreasing
the field is clearly visible at low temperatures. This field-induced metamagnetic transition in this
compound is caused by the partial transformation of the charge-ordered antiferromagnetic phase
into the ferromagnetic phase.
























































Fig. 3.10 Magnetization isotherms at selected temperatures for (a) B = Ni, (b) B = Ru, (c) B
= Co, (d) B = Cr.
62
The ferromagnetic phase grows at the expense of the antiferromagnetic phase with increasing
field and this phase coexistence causes hysteresis behavior while reducing the magnetic field.
The width of the hysteresis increases with lowering temperature down to 50 K.  The M(H) for B
= Al compound is similar to the Fe doped sample.
Magnetization isotherms of the ferromagnetic compounds B = Ni, Ru, Co and Cr are
shown in fig. 3.10(a)-(d), respectively. For all the samples, M-H isotherms have been taken at
each 5 K. However, we plot the M-H curves only in a selected temperature range for clarity. The
isotherms for B = Ni (Co) are shown at temperature intervals of 20 K, 5 K and 10 K in the
temperature ranges 280-180 K (260-160 K), 180-140 K (160-120 K) and 140-60 K (120-60 K),
respectively. For B = Ru and Cr the isotherms are shown at each 10 K and 5 K intervals,
respectively. The samples with B = Cr, Co and Ni show a similar behavior: a field-induced
metamagnetic transition above their respective Curie temperatures. The M increases linearly with
H and shows a rapid increase above a critical field (Hc). The transition is reversible while
reducing the field unlike for B = Fe and Al. The HC decreases with lowering temperature. The
width of the hysteresis also decreases as TC is approached and finally soft ferromagnetic behavior
is seen below TC. Note that the field-induced metamagnetic transition occurs in the paramagnetic
state of B = Cr, Co and Ni, whereas it occurs in the antiferromagnetic state of B = Al and Fe.
Surprisingly, B = Ru sample does not show the field-induced metamagnetic behavior in the
paramagnetic state. Instead, it shows a typical Langevin-type magnetization behavior expected
for a paramagnet.
We compare the temperature dependences of ΔSM for all the compounds in Fig. 3.11(a)
for ΔH = 1 T and in Fig. 3.11(b) for ΔH = 5 T, respectively.  It can be seen that although ΔSM is
symmetric about TC for B = Ru, Cr, Ni, and Co for ΔH = 1 T, it becomes asymmetric under ΔH =
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5 T for B = Cr, Ni, and Co. The peak value of ΔSM for B = Ru increases nearly 3.5 times from
1.34 J/kg K at T = 207.14 K under ΔH = 1 T to 5.07 J/kg K at T = 217.3 K under ΔH = 5 T. It is
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Fig. 3.11 Magnetic entropy change (ΔSM) as a function of temperature for different
impurities for a field interval of (a) ΔH = 1 T and (b) 5 T. Inset shows -ΔSM, RC and RCP as
a function of doping element.
very clear that starting from B= Ru, the maximum value of ΔSM increases and the temperature
corresponding to the peak decreases in the order B = Cr, Ni and Co. Apart from a large value of -
ΔSM, the relative cooling power (RCP) is also an important parameter to determine the efficiency
of cooling. The RCP is defined as Max
m FWHMS T  , where FWHMT is the full width at half
maximum of MS vs T curve and it is a measure of heat transfer between hot and cold ends
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maintained at a temperature difference of δTFWHM. We have also calculated the refrigeration




RC S T dT  , where Thot and Tcold are two temperatures
corresponding to the half maxima of the ΔSm versus T curve. The inset of fig. 3.11(b) shows the
peak value of the magnetic entropy under ΔH = 5 T, RC and RCP as a function of different
cations. The peak value of -ΔSM under ΔH = 5 T increases to 6.0 (Cr), 6.77 (Ni) and to a
maximum value of 7.37 J/kg K (Co) followed by a decrease to 5.07 J/kg K for B = Fe.  The B =
Al shows the lowest value of -ΔSM = 2.72 J/kg K in this series. The RCP (RC) values of B = Ru,
Fe, Cr, Co and Ni are 250.3 (195.9), 293.7 (240.06), 287.8 (246.2), 317.02 (253) and 319.4
(271.4) J/K, respectively.
Magnetic phase transitions of manganites are complex and the order parameters are not
included in any of the universality class. A critical exponent analysis in the vicinity of the
magnetic phase transition is a powerful tool to investigate the details of the magnetic interactions
responsible for the transition89. The set of critical exponents, β, γ and δ are associated with the
spontaneous magnetization, initial magnetic susceptibility and critical magnetization isotherms,
respectively. The mathematical definitions of these exponents from magnetization measurements
are as follows: 0( ) , 0,s cM T M T T
    ; 10 0 0( ) ( / ) , 0, CT h M T T      ;  and
1
, 0, CM DH T T
    ; where ε = (T-TC)/TC and M0, h0/M0 and D are the critical amplitudes.
Critical exponents for manganites show wide variation which covers almost all the universality
classes even for the similar systems, when different experimental tools are used to determine
them. Here we wish to carry out the analysis of phase transitions with the help of field dependent
magnetic entropy change (∆Sm), in other words MCE can be used as a tool to determine these
exponents. This is possible by expressing the field dependence as ∆Sm vs. Hn that allows us to
establish a relation between the exponent ‘n’ and the critical exponents of the material and to
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propose a phenomenological universal curve for the field dependence of ∆Sm. It has been
established that ∆Sm has three distinct temperature regions regarding its field dependence, which
is characterized by the exponent ‘n’. Its temperature dependence also changes while crossing TC,
an inverse quadratic dependence at high temperatures and a behavior related to an effective β
exponent at low temperatures. So, it can be expected that the ∆Sm curves as function of
temperature, measured with different maximum applied fields can collapse into a single master
curve when properly rescaled. A phenomenological way of doing this would be to normalize all
the ∆Sm(T) curves with their respective peak entropy change i.e ∆Sm(T,Hmax)/ ∆Spkm(Hmax). The
temperature axis has to be rescaled below and above TC, just by imposing that the position of two
additional reference points in the curve corresponding to θ = ±1
1
2
( ) / ( ) ,
( ) / ( ) ,
c r c c
c r c c
T T T T T T
T T T T T T

   
    
Where, Tr1 and Tr2 are the temperatures of the two reference points that have been selected as
those corresponding to half of the peak value of ∆Sm.
The normalized entropy change curves as a function of the rescaled temperature θ for
compounds with different nature of magnetic transition are shown in Fig 3.12 for
Pr0.6Ca0.4Mn0.96Co0.04O3 and Pr0.6Ca0.4Mn0.96B0.04O3 (B = Ru, Ni and Cr). A few interesting
features to be pointed out here are, all the normalized entropy change curves collapse onto a
single curve for compounds doped with Ru, Ni and Cr at the
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Fig. 3.12 Universal behavior of the scaled entropy change curves for (a)
Pr0.6Ca0.4Mn0.96Co0.04O3 under applied fields from 1 to 5 T and (b) Pr0.6Ca0.4Mn0.96B0.04O3
(B = Ru, Cr and Ni) under a selected applied field of 5 T.
Mn site. This implies that all these compounds have the same nature of phase transitions and
belong to the same universality class. The consequence of scaling of all the entropy curves is that
these materials have the same critical exponents90,91. Correspondingly, the deviation from this
behavior observed and plotted separately for Co doped sample is due to the fact that it belongs to
a different universality class. It is further supported by the Arrott plot of Co and Ru compounds
that these compounds exhibit first and second order magnetic phase transitions, respectively.
In order to demonstrate the influence of critical exponent on MCE, the field dependence
of entropy change is analyzed. According to Oesterreicher et al., the filed dependence of the
magnetic entropy of a material with a second order phase transition can be expressed as92 ∆Sm α
Hn
.
On the basis of mean field approach, the field dependence of magnetic entropy change at the
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Curie temperature has been predicted to be n = 2/3. In the case of materials that do not follow a
mean field approach, the magnetic equation of state in the proximity of the transition temperature
can be approximately described by the Arrott-Noakes equation of state93, which can be written as
1 1 1 1( )CH a T T M bM      , where β and γ are critical exponents. Differentiating this
equation with respect to temperature, a close expression for M T  can be obtained for any
temperature. For T = TC, using the equilibrium condition for magnetization at that temperature,














using this, the magnetic entropy change at the
Curie temperature can be obtained as follows.
Fig. 3.13 Critical isotherm on a log-log scale for Pr0.6Ca0.4Mn0.96Ru0.04O3 at its TC and the
inset shows the variation of the exponent ‘n’ as function of temperature.
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So, in the present case, we can deduce the relation
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. In the case of mean filed model, where β = 0.5, γ = 1 and δ = 3 the valued of
n (= 2/3) will be re-obtained.
Critical exponents are not defined for the first order transition since, for the first order
ferromagnetic phase transition, the magnetic field can shift the transition, leading to a field-
dependent phase boundary at TC(H)94. As Co doped compound exhibits first order phase
transition and Ru doped compound exhibits second order phase transition, we have first
determined the critical exponent, δ, from the magnetic isotherm at T = TC. The plot of critical
isotherm on a log-log scale is as shown in fig. 3.13. At the critical temperature M and H are
related by the equation
1
, 0, CM DH T T    , where ε = (T-TC)/TC and D is the critical
amplitude. We have plotted ln H vs. ln M and the high field region of the data is fitted by a
straight line with the slope of δ. This gives a value of 3.74. We then proceeded to determine the
exponent ‘n’. To determine the exponent ‘n’ a linear plot of the ∆Sm vs. H is constructed at
temperature around the TC and the value of n is obtained from the slope. The temperature
variation of the exponent ‘n’ around the phase transition temperature, so determined is shown in
the inset of the fig. 3.13. The values of exponent ‘n’ are decreased with temperature from 1.82 at
245 K to 0.67 at 207.5 (~TC) and then started increasing with decrease in temperature.
Experimental results on different families of soft magnetic alloys show that the field depence of
∆Sm has the following features in all cases95,96 : for the temperatures well below TC, n=1; well
above TC, n=2: and at temperature corresponding to the peak in ∆Sm, n ≈ 0.75. The value of n (=
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0.67 at TC) in the present work nearly coincides with what has been expected. The small
deviation in the value on n can be mainly due to the presence of local inhomogeneities in the
vicinity of the transition temperature. In the frame work of mean field approximation, we can
interpret the different values exhibited by n as follows. The high temperature value of n (=2) is a
well known consequence of the Curie-Weiss law. As magnetization has linear field dependence
in this temperature region well above TC, the calculation of the magnetic entropy change leads to
the quadratic field dependence of ∆Sm. In the low temperature limit, well below the Curie
temperature, at moderate fields, magnetization does not show a strong field dependence and
indeed, magnetization in this temperature region can be field independent that would lead to n=1.
The deviation that has been observed in the present case also means that magnetic interactions in
the Ru doped compound can’t exactly fit into the mean field approximation.  Considering the
value of n at TC, and following the equations connecting n, β and δ mentioned above the values
of the critical exponents in this particular are obtained as β = 0.433 and γ = 1.186. These values
of critical exponents are the same for Ru, Cr and Ni doped compounds as they fall into the same
universality class. Moreover, these values are between those predicted for a three-dimensional
Heisenberg model (β = 0.3 and γ = 1.4)90 and those predicted by mean field theory (β = 0.5 and γ
= 1).
It has been pointed out by some researchers that use of the Maxwell’s equation to a first-
order magnetic transition with huge hysteresis overestimates the magnetic entropy change near
TC and results in spike in ΔSM versus T graph97, 98. While this conclusion may be true and has to
be verified by independent calorimetric measurements, our results indicate how the values of
ΔSM and order of transition can be affected by the impurity doping.
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Fig. 3.14 (a) The calorimetric curves (dQ/dH) recorded using the DSC setup as a function
of increasing and decreasing magnetic field. (b) ΔSM as a function of temperature
determined for ΔH = 5 and 7 T from DSC and for ΔH = 5 T from magnetization isotherms.
Figure 3.14(a) shows the calorimetric data (dQ/dH) recorded while increasing the magnetic field
from H = 0 to 7 T and decreasing from H = 7 to 0 T for Pr0.6Ca0.4Mn0.96Co0.04O3 at selected
temperatures above TC. We have chosen B = Co for the calorimetric study because it exhibits the
field-induced metamagnetic transition in the paramagnetic state and also the highest MCE value
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in the series. As H increases from 0 T, the DSC signal increases gradually first and then goes
through a minimum at a specific value of the magnetic field (Hu = 5.2 T, at T = 160 K), which
closely coincides with the field for metamagnetic transition, observed in M-H curve. As the field
decreases from the maximum value of H = 7 T, the DSC signal exhibits a minimum at a field Hd
(= 5.1 T),  which is slightly less than Hu. As the temperature decreases, Hu decreases, which is
consistent with the behavior of M versus H data. The metamagnetic transition is complete within
the available field range for temperatures between T = 110 K and 150 K, whereas the transition is
not complete within the field limit for T = 160 K.   Hence, ΔSM has been estimated between 110
and 150 K as shown in Fig. 3.14 (b). We obtained ΔSM = 8.42 and 9.28 J/kg K under ΔH = 5 T
and 7 T, respectively. The ΔSM value obtained from the calorimetric method under ΔH = 5 T is
larger than that obtained from magnetization isotherms (7.37 J/kg K under ΔH = 5 T), similar to
the RCo2 Laves phases99.
3.8 DC magnetic properties of Pr0.6(Ca, Sr)0.4Mn1-xCrxO3
Fig. 3.15 (a) compares the temperature dependence of magnetization, M(T) of
Pr0.6Ca0.4Mn1-xCrxO3 for x = 0 and 0.04  measured under H = 1 kOe.  Upon cooling, the parent
compound (x = 0) shows a peak around TCO = 240 K due to charge-orbital ordering and a weak
anomaly around TN = 170 K  which is due to development of CE-type antiferromagnetic
ordering in the charge-orbital ordered phase.64 The rapid increase of magnetization around 40 K
is possibly due to ordering of Pr moments which cants anitferromganetic Mn sublattice by
exchange interaction. A large hysteresis in M-T occurs between 40 K and 260 K during cooling
and warming due to strain relaxation associated with incommensurate charge-orbital ordering.
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Note that the M(T) of x = 0 has been multiplied by 20 in the graph to accommodate  the parent
and the Cr doped samples in the same graph. In contrast to x = 0,  the 4 % Cr doped sample
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 x = 0.04
Fig. 3.15 Magnetic moment as a function of temperature recorded at H = 1 kOe for (a)
Pr0.6Ca0.4Mn1-xCrxO3 (x = 0 and 0.04), and (b) Pr0.6Sr0.4Mn1-xCrxO3 (x = 0 and 0.04)
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shows  a paramagnetic to ferromagnetic transition characterized by a sharp increase in M(T) at
TC = 140 K while cooling.  The Tc is determined from the the minimum in the dM/dT curve. The
ferromagnetic transtion shows a narrow hysteresis width of of ΔT = 1 K while cooling and
warming.  The magnetic moment of x = 0.04 at 10 K is nearly 40 times larger than that of x = 0.
Fig. 3.15(b) compares the M(T) of  Pr0.6Sr0.4Mn1-xCrxO3 (x = 0 and 0.04) . The x = 0 compound
undergoes a paramagnetic to ferromagnetic transition around TC = 297 K . The transition is
rather broad and no hystereis was found while cooling and warming.  On the other hand, the Cr-
substituted sample shows a TC of 289 K and lower magnetization over a wide temperature range
below TC compared to the parent compound.  This is in very much contrast with the Cr doped Ca
–based sample which shows a much enhanced magnetic moment compared to the undoped
sample.
A comparison of the temperature dependence of the inverse susceptibility (H/M) for
Pr0.6Ca0.4Mn1-xCrxO3 (x = 0 and 0.04) in  Fig. 3.16(a) and those of Pr0.6Sr0.4Mn1-xCrxO3 (x=0 and
0.04) in Fig. 3.16(b).  The H/M of the x = 0 shows a linear behavior above 260 K with the
positive intercept on the temperature axis (Ɵp = 260 K) which indicates existence of
ferromagnetic correlations between Mn spins in the paramagnetic phase. The onset of charge
ordering promotes antiferromagnetic correlations between Mn spins which finally order in
pseudo CE-type antiferromagnetic structure below TN = 170 K.   On the other hand, the 4 % Cr-
doped Pr0.6Ca0.4MnO3 shows a strong non-linear behavior in 1/χ below 260 K although long
range ferromagnetism in this compound is established below TC = 140 K. We suggest that the
strong deviation of the inverse susceptibility curve from the Curie Weiss behavior above TC is
due to the presence of short range charge ordered regions(residues of the parent compound) in


























Fig. 3.16 Temperature dependence of the inverse susceptibility (χ-1) for (a) Pr0.6Ca0.4Mn1-
xCrxO3 (x = 0 and 0.04), and (b) Pr0.6Sr0.4Mn1-xCrxO3 (x = 0 and 0.04).
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From the Curie-Weiss fits to these graphs in the linear regions we estimated the effective
magnetic moments, Peff = 6.42, and 6.13 µB for Pr0.6Ca0.4Mn1-xCrxO3 (x = 0 and 0.04), and 5.15,
4.96 µB for Pr0.6Sr0.4Mn1-xCrxO3 (x = 0 and 0.04).
3.9 DC electrical properties of Pr0.6(Ca, Sr)0.4Mn1-xCrxO3
We compare temperature dependence of the four probe resistivity, ρ(T), of Pr
.6Ca0.4Mn1-
xCrxO3 (x = 0 and 0.04) under various magnetic fields  in Fig. 3.17(a).  The ρ(T) of x = 0.04 has
been divided by 40 to accomdate the data in the same graph. The  x= 0 sample shows insulating
behavior (dρ/dT < 0) down to 100 K, below which the contact resistance is too high to be
measured.  While the ρ(T) is not affected by a magnetic field of H = 1 T,  a field-induced
insulator to metal transition with hyseretic behavior is seen for H ≥ 3 T.  This is caused by the
conversion from a fraction of charge ordered antiferromagnetic insulating phase into
ferromagnetic conducting phase by the external magentic field. The I-M transition shifts upward
with increasing magentic field since the ferromagenetic phase fraction increases with the
magentic field. The ρ(T) of x = 0.04 shows insulator-metal transition even without external
magnetic field. The position of the resistivity peak closely coincides with the  the ferromagentic
Curie temperarure. The resistivity peak decreases in magnitude and shifts upward in temperarure
with increasing strength of the magnetic field.    We also compare ρ(T) of Pr0.6Sr0.4Mn1-xCrxO3
(x = 0 and 0.04) under different magnetic fields in Fig. 3.17(b). The ρ(T, H = 0 ) of x = 0 shows
insulator-metal transition with a peak in resistivity at TC = 297 K. The  peak decreases in
magnitude and its position shifts up with increasing strength of the magnetic field. The resistivity
peak has shifted to nearly 346 K under H = 7 T.   Upon Cr-doping, the zero field resistivity
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increases in value.  The ρ(T, H = 0) of x = 0.04 shows a broad peak centered around 256 K  and
value of ρ at the peak is 0.0978 Ω cm which is slightly higher than the peak value of ρ= 0.0616
Ω cm for the undoped sample.  The peak decreases in magnitude, broadens and shifts up in
temperarue with increasing magenetic field. The  centre of the braodened peak at H = 7 T in x =
0.04 is at 279.8 K which is about 23 K shift from the zero field peak and it is smaller than a shift
of about 49 K found for the parent compound.
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Fig. 3.17 A comparison of the temperature dependence of the resisitivity, ρ(T) under
different magnetic fields for (a)  Pr0.6Ca0.4Mn1-xCrxO3 (x = 0 and 0.04) and (b) Pr0.6Sr0.4Mn1-
xCrxO3 (x = 0 and 0.04).
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3.10 Magnetocaloric properties of Pr0.6(Ca, Sr)0.4Mn1-xCrxO3
Fig. 3.18 shows the magnetization isotherms for Pr0.6Ca0.4Mn1-xCrxO3 (x = 0 and 0.04) .
Although we have recordered magnetization isotherms at each 5 K interval from 280 K to 20 K,


























Fig. 3.18. Magnetization isotherms at different temperatures for Pr0.6Ca0.4Mn1-xCrxO3 (x =
0 and 0.04). The arrows indicate increasing and decreasing directions of the magnetic field.
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we show the data only in a restricted temperature range for clarity. Below TN = 170 K, M shows
a non linear increase and upturn at higher fields with hysteresis. The width of the hysteresis
increases with lowering temperature.As the field increases, charge ordered antiferromagnetic
phase is locally converted into ferromagnetic nuclei.























Fig. 3.19 M-H isotherms at different temperatures under the field of 5 T for Pr0.6Sr0.4Mn1-
xCrxO3 (x = 0 and 0.04).
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The ferromagnetic nuclei grow at the expense of the majority charge ordered phase. Note that the
available field range is not sufficient to convert the whole charge ordered matrix into
ferromagnetic phase. While decreasing the field from the highest value, the ferromagnetic nuclei
are transformed into charge ordered phase. The hysteresis is due to coexistence of the charge
ordered and ferromagnetic nuclei. On the other hand, the Pr0.6Ca0.4Mn0.96Cr0.04O3 sample shows
a ferromagnetic behavior below 140 K, i.e. a rapid increase of M at low field follwed by near
saturation at high fields.  However,  M(H)  at 180 K shows a linear increase  upto a critical field
HC = 2.7 T  above which, it shows a rapid increase. Negligible hysteresis occur upon reducing
the field. The rapid increase of M indicates a metamagnetic transition.  As the temperature  is
lowered, HC also decreases and a small but visible hysteresis occurs between increasing and
decreasing field. Finally below 140 K, the sample transforms into ferromagnetic phase. Above T
= 180 K,  HC increases and we see only a linear M(H) behavior, for example, as shown for T =
200 K. However, both x = 0 and 0.04 of the Sr based compounds show conventional M-H
behavior expected for a ferromagnet (see Fig. 3.19) without any metamagnetic transition in the
paramagnetic state.
The magnetic entropy change in all the four compositions as a function of temperature is
shown in Fig. 3.20. The ΔSM of Pr0.6Ca0.4MnO3 is small and is negative at 325 K. The ΔSM
increases in value down to 250 K but then it shows a maximum around 255 K and decreases
around TCO = 240 K.  It shows a positive peak in ΔSM (a minimum in – ΔSM) around 230 K. The
magnitude of the positive peak increases with the strength of the field.  The ΔSM = 0.656 J/kg
K(0.133 J/mol K)  for ΔH = 5 T  TCO is of the same order found in Pr0.6Ca0.4MnO3 by Reis et al.
for ΔH = 4T.64 The sign of ΔSM again changes to negative below 200 K and it increases in
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magnitude with decrease in temperature, shows a cusp around 45 K before increasing again
below 30 K (ΔSM = -4.7 J/kg K or 0.956 J/mol K at 10 K and ΔH = 5 T).


































































Fig. 3.20. Temperature dependence of the magnetic entropy change (ΔSM) for ΔH = 1, 2, 3,
4 and 5 T for Pr0.6Ca0.4Mn1-xCrxO3, and Pr0.6Sr0.4Mn1-xCrxO3 (x = 0 and 0.04).
The cusp is more clearly visible at higher magnetic fields. In contrast to the parent compound,
the magnetic entropy is negative over a wide temperature range in Pr0.6Ca0.4Mn0.96Cr0.04O3 and it
shows a symmetrical peak around TC = 145 K for ΔH = 1 T. The magnitude of ΔSM increases
and position of the  peak shifts upward  with increasing field from T = 145 K at ΔH = 1 T to T =
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155 K at ΔH = 5 T. The  peak value of ΔSM = - 5.99 J/kg K (1.218 J/mole K) at 155 K for ΔH =
5 T is much larger than the parent compound at the same temperature. The observed value of
ΔSM in the present compound is larger than the ΔSM ≈ -4 J/(kgK) due to metamagentic
transition found in the phase separared La0.27Nd0.4Ca0.33MnO3 (Ref. 84)  but comapreable to -6.2
K/(kgK) reported in Sm0.6Sr0.4MnO3. (Ref. 85 ).  In contrast to the Ca-based system,  the ΔSM is
small in the Sr-based compound and decreases slightly with Cr substittion (ΔSM = -2.51 J/kgK =-
0.558 J/mol K for x = 0 and ΔSM = -2.08 J/kgK  = -0.426 J/mole K for 0.04). The temperatures
corresponding to these peak values are close to their respective magnetic transition temperatures
and do not shift with H unlike in Pr0.6Ca0.4Mn0.96Cr0.04O3. The curves of ΔSM are broader around
the temperature corresponding to the peak positions in Pr0.6Sr0.4Mn1-xCrxO3 than in
Pr0.6Ca0.4Mn0.96Cr0.04O3, where in, the raise in the value of ΔSM is sharper and is not symmetric.
The relative cooling power (RCP) values for Pr0.6Ca0.4Mn1-xCrxO3 (x = 0.02, 0.04, 0.06
and 0.08) samples are 327.384, 286.36, 272.22 and 279.936 J/kg, respectively. The RCP values
of Pr0.6Ca0.4Mn0.96Cr0.04O3 and Pr0.6Sr0.4Mn1-xCrxO3 (x = 0, 0.04) samples are 261.4, 301.9 and
277.4 J/kg, respectively. These values are greater than those of Pr0.5Sr0.5MnO3 (RCP = 215 J/kg
at T = TCO) and La0.67Sr0.33MnO3, the typical double exchange ferromagnet (RCP = 211 J/kg at T
= TC)100. Similarly, RCP values are 284.92 J/kg, 299.52 J/kg, and 303.63 J/kg for Pr0.5Ca0.5Mn1-
xRux O3 (x = 0.03, 0.05 and 0.1), respectively. It is important to note that even though the peak
value of ΔSM decreases, the RCP value increases with increasing Ru content. These values are
greater than those of Pr0.5Sr0.5MnO3 (RCP = 215 J/kg at T = TC) and La0.67Sr0.33MnO3, the typical
double exchange feromagnet (RCP = 211 J/kg at T = TC)100.
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3.11 DC magnetic properties of Pr0.5Ca0.5Mn1-xRuxO3
In Fig. 3.21(a), temperature dependence of magnetization, M(T), for Pr0.5Ca0.5Mn1-xRuxO3 (x =
0.03, 0.05 and 0.1) measured under H = 1 kOe is shown. The ferromagnetic Curie temperature
(TC), determined from inflection point of each of these M-T curves, increases with Ru content




















































Fig.  3.21 (a). Magnetization vs. temperature curves for Pr0.5Ca0.5Mn1-xRuxO3 (x = 0.03, 0.05
and 0.1) under field of 1 kOe. The inset shows temperature dependent inverse susceptibility
χ-1 (T) curves (b). Field dependence of Magnetization curves for Pr0.5Ca0.5Mn1-xRuxO3 (x =
0.03, 0.05 and 0.1) up to applied field of 5 T at temperature 10 K.
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0.03, 0.05, and 0.1, respectively).  The inset of the Fig. 21(a) shows the temperature dependent
inverse susceptibility curves, χ-1 (T), which obey the Curie- Weiss law, 1/χ =(T-TC)/C, above TC
without a strong deviation from linearity. From the obtained Curie constants (C), we get the
effective number of Bohr magnetons per atom Peff = 6.02, 5.33 and 4.79 which are higher than
their theoretical counterparts, 4.41, 4.43 and 4.48, for x = 0.03, 0.05 and 0.1, respectively.  The
effective magnetic moments in x = 0.03 and 0.05 are much above the theoretical value possibly
because of the possible orbital-charge fluctuations in contrast to charge-orbital ordering in the
parent compound (x = 0). Fig. 3.21(b) shows the magnetization isotherms at T = 10 K. All the
samples exhibit soft ferromagnetic behaviour, a rapid increase at low magnetic fields and
saturation at high magnetic fields. The coercive fields of all the samples were below 300 gauss.
The saturation magnetization values are 3.32, 3.33 and 3.41 µB/f.u. for x = 0.03, 0.05 and 0.1,
respectively. They are slightly less than their respective theoretical values, 3.47, 3.45 µ B/f.u., for
x = 0.03 and 0.05 but very close, 3.4 µ B/f.u., for x = 0.10 as expected from the complete
ferromagnetic alignments of all Mn and Ru moments, assuming Ru4+ :t2g4 is in the low spin state
(S = 2).
3.12 Magnetocaloric properties of Pr0.5Ca0.5Mn1-xRuxO3
In Fig. 3.22, we show magnetization isotherms, M(H),  for all three samples taken over
certain temperature range around their respective Curie temperatures. The data were taken at 3 K
intervals close to TC and 5 K intervals away from TC.  We find soft ferromagnetic behaviour at
all temperatures, in contrast to Cr doping at Mn site in the same parent compound, which showed
unusual rapid increase of the magnetization above a critical value of magnetic field in the M vs
H curves (metamagnetic transition) in the paramagnetic state 101. The metamagnetic transition in
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Fig. 3.22. Isothermal magnetization as a function of applied magnetic field for
Pr0.5Ca0.5Mn1-xRuxO3 (x = 0.03, 0.05 and 0.1) measured in the temperature ranges 150-
280K, 100K-270K and 140-280K, respectively at 5 K intervals.
the paramagnetic state found in the Cr-doped compound was attributed to the presence of short
range charge-ordered anti-ferromagnetic clusters which would be transformed into ferromagnetic
phase under sufficiently high magnetic fields. The absence of such a metamagnetic behaviour in
the Ru-doped compound indicates that charge ordering is effectively destroyed for a small
content of Ru-doping compared to the Cr doping at Mn site. The set of isotherms were used to
determine the isothermal magnetic entropy change (ΔSM).
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Fig. 3.23 The magnetic entropy change (ΔSM) as a function of temperature for
Pr0.5Ca0.5Mn1-xRuxO3 (x = 0.03, 0.05 and 0.1) up to ΔH = 5 T fields under various ΔH
values.
The ΔSM values for different ΔH as a function of temperature are presented in Fig. 3.23
The ΔSM is negative in the entire temperature range for all the samples. The ΔSM for ΔH = 1 T
increases with lowering temperature from T >> TC, goes through a maximum around TC and then
decreases for T << TC. The magnitude of the peak increases with increasing value of ΔH for each
composition but the peak position is nearly unaffected because of the second order nature of the
ferromagnetic transition in these compounds. However, the peak value decreases with increasing
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Ru content from ΔSM = -4.23 J/kg K for x = 0.03 to -3.8 J/kg K for x = 0.05 and then to -3.4 J/kg
K for x = 0.1. In contrast to the large magnetic entropy (SM = -4.23 J/kg K) around TC in x =
0.03, the undoped compound (x = 0) shows a maximum value of SM = -0.3 J/kg K around 90
K102. In composition close to Pr0.5Ca0.5MnO3, positive magnetic entropy change ( SM < +0.6
J/kg K) was found near the charge ordering temperature but the entropy becomes nearly zero far
below the charge ordering temperature102.  On the other hand, Pr0.5Sr0.5MnO3, which is an A-
type antiferromagnet without long range charge ordering below TN = 140 K and a ferromagnet
between 135 K and 250 K, shows a magnetic entropy change of SM = -3.2 J/kg K close to TC
and +7.5 J/kg K close to TN for H = 5 T103. The charge ordered Nd0.5Sr0.5MnO3 shows an
entropy change of SM = -1.4 J/kg K at H = 1.4 T at the ferromagnetic transition although the
entropy change at TCO (TN = TCO = 135 K) is much larger (SM = +11 J/kg K)104. Hence, a large
SM of -4.2 J/kg K in our Ru based compound, x = 0.03, around the ferromagnetic Curie
temperature, makes these compounds worth investigating in point of view of MCE.
Based on the Landau theory of phase transitions an attempt to theoretical modelling of
the MCE was done by Amaral and Amaral105. The Gibbs free energy is expressed as
2 4
0
1 1( , )
2 4
G T M G AM BM MH    Where, the coefficients A and B are temperature-
dependent parameters representing the magnetoelastic coupling and electron condensation
energy. The last term in the equation describes energy of spins in an external magnetic field H.
The behavior of the coefficient B is expected to be slowly varying with temperature and on the
other hand coefficient A shows negative and positive values below and above TC, respectively.
From the condition of equilibrium at TC, the magnetic equation of state is obtained as
2H A BM
M
  . A thermodynamic analysis of the properties of A(T) and B(T) reveals that for
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second order phase transitions, B(T) must always be positive and a change in sign indicates the
nature of phase  transitions to be first order. Experimentally, the first and second order nature of
magnetic phase transitions can be conveniently distinguished with the help of Arrott plot (H/M
vs. M2) of isotherms.




































Fig. 3.24. H/M vs M2 plots of isotherms (Arrott plot) for Pr0.5Ca0.5Mn1-xRuxO3 (x = 0.03,
0.05 and 0.1) in the temperature ranges 150 to 250, 100 to 270K and 140 to 280K,
respectively.
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We show the Arrott plot (H/M Vs M2 at fixed temperatures) for all three samples around
their respective Curie temperatures in Fig. 3.24. These plots show positive slope throughout the
temperature range presented, indicating the second-order nature of para-to-ferromagnetic
transition, as suggested by Banerjee106.




















































Fig. 3.25. Temperature dependence of parameter A (intercept) and parameter B (slope) of
Pr0.5Ca0.5Mn1-xRuxO3 (x = 0.03, 0.05 and 0.1).
The temperature dependences of parameters A and B are obtained from the linear region
of the Arrott plot of H/M versus M 2 and are shown in Fig. 3.25. The parameter A varies from
negative to positive values with increasing temperature, and the temperature corresponding to the
value where it crosses zero is consistent with the TC.
A more detailed discussion on the transition element doped Pr based compounds from
different perspectives is the following. Upon Cr substitution the long range charge-orbital
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ordering of the parent compound (x = 0) breaks down into short range charge-orbital ordered
clusters. The long range antiferromagnetic order is also destroyed  but short range
anitferromagentic ordering is possible in the short-range cahrge-orbital clusters. As the  magnetic
field increases, the short-range charge-orbital ordered clusters  transform into ferromagnetic
phase above a critical field. This leads to a rapid increase of magentization above a critical field
(metamagnetic transition ) as seen above 140 K in the Cr doped Pr0.6Ca0.4MnO3. The magnetic
entropy also changes drastically due to this field-induced metamagentic transition. In addition, it
is also possible that the metamagentic transition is accompanied by structural transition which
aids a large change in the magnetic entropy. On contrary, random substitution of Cr-ions in
ferromagnetic metallic system, Pr0.6Sr0.4MnO3, dilutes the double exchange interction between
Mn3+ and Mn4+ ions. The Cr3+-Mn3+ and Cr3+-Mn4+ interactions are antiferromagentic. Hence,
the magnetization and TC decreases with Cr doping in Pr0.6Sr0.4MnO3 and hence the magnetic
entropy change is also lower.
The large change in the ΔSM with Cr-substitution in Pr0.6Ca0.4MnO3 has been interpreted
as a consequence of breaking of long range CO into short range charge ordered clusters and
formation of FM nano-clusters above TC.  Under high magnetic fields, short range charge
ordering collapses and the ferromagnetic nanoclusters grow abruptly in size leading to a rapid
increase of the magnetization above a critical value of the magnetic field which causes a large
magnetic entropy change.  Our results indicate that while ferromagnetic nanoclusters are present
above TC in x = 0.02 and 0.04, they are absent in x = 0.08. The 4 % Cr –doping seems to be
optimum value to achieve large MCE.
The induction of ferromagnetism by impurity doping at the Mn-site in the charge ordered
compound is different from the degradation of ferromagnetism by the Mn-site doping in
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ferromagnetic compounds such as La0.7A0.3Mn1-xBxO3 (B = Fe, Al, etc.,).107,108 It can be
anticipated that impurity doping at the Mn sublattice is a disorder effect, which can disrupt
cooperative Jahn-Teller ordering of eg-orbitals, which in turn can lead to destabilization of the
CO state. However, our results indicate that the extent, by which the charge-orbital ordering can
be destabilized, strongly depends on the electronic and magnetic states of the impurity. The
average valence of Mn ions in the Pr0.6Ca0.4MnO3 compound is 3.6+ and substitution of an
impurity of valence 3+ is  expected to increase the hole density (Mn4+ content) and decrease the
eg-electron density (Mn3+ content). The occurrence of long range ferromagnetism for B = Cr3+
sample but not for other isovalent cations such as B = Al3+ and Fe3+ suggests that variation in the
eg electron density alone cannot explain the origin of ferromagnetism in these doped compounds.
Further, it is to be noted that B = Al3+ sample shows a first-order magnetic transition below 100
K unlike B = Fe3+. Our experimental results can’t be understood with existing theoretical
frameworks, which predict ferromagnetism due to quenched disorder in half doped manganites
without explicitly considering magnetic interaction between the impurity ions and Mn ions.109
In case of Nd based charge ordered systems82 the origin for the observed dopant
dependent effects has been explained in terms of variation of the effective one-electron
bandwidth and MnO6 distortion with help of neutron diffraction measurements. Particularly for
Ru, the vacancies in the eg-level will help mediate the eg-carrier transfer and as a result the one-
electron band width increases and enhances the double-exchange interaction providing a
qualitative explanation to the electronic origin. Whereas, study of distortion of MnO6 octahedra
gave a better understanding. The MnO6 octahedra in Nd0.5Ca0.5MnO3 originally has 4-long/2-
short type of distortion and withRu doping this distortion relaxes much faster compared to any
other element and hence more efficient in destabilizing the charge order phase for low level of
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doping. In intermediate band width compounds such as La0.5Ca0.5MnO3, when Fe (d5) is doped at
the Mn site ferromagnetic phase is favored110 to certain level of doping (< 6%) and suppressed
for higher doping, but Ru doping greatly enhances the ferromagnetic behavior for as low as 1%.
Mn Site doping in Pr based charge ordered materials have been investigated for different
elements. Neutron diffraction studies evidence the coexistence of ferromagnetic and
antiferromagnetic phases and growth of ferromagnetic-metallic regions at the expense of CE type
antiferromagnetic phase under field, when Ni is doped at Mn-site111. Cr doped at Mn-site is
known to have the ability to induce ferromagnetic clusters112 just about the para-to-ferromagnetic
phase transition. Low doping (< 5 %) of Cr favors the creation of ferromagnetism and with
increasing Cr content ferromagnetic phase decreases because of the dominant super-exchange
between Cr3+-Cr3+ ions and Mn4+-Mn4+ ions. And with further increase the competing ferro and
antiferro magnetic interaction leads to a spin glass behavior. Ru doping in Pr based CO
compounds leads to similar effects as that of ND based compounds. It has been proposed that the
eg states of Ru4+ and Ru5+ participate in the bank formation and makes it broader and so favors
metallicity and ferromagnetism56.
While the Mn4+(t2g3)-Cr3+ (t2g3) interaction is antiferromagnetic in nature,  ferromagnetic
superexchange interaction is possible between Mn3+ (t2g3eg1) and Cr3+ (t2g3eg0 )  ions101. As a
result, antiferromagnetic coupling between zigzag chains of the CE type antiferromagnetic
structure is broken. Then, ferromagnetic double exchange interaction between the Mn3+ and
Mn4+ ions dominates, which leads to a long range ferromagnetism below TC. Here, the main role
of the Cr3+ ion is to polarize the Mn3+ ions. Similarly, Co2+(t2g5eg2) and Ni2+ (t2g6eg2) ions can
interact via ferromagnetic superexchange interaction with the surrounding Mn4+ ions but
antiferromagnetically with the Mn3+ ions. As a result, long range charge-orbital ordering is again
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broken. However, short-range charge-orbital ordered regions can exist in the paramagnetic phase
as shown by superlattice reflections in the electron diffraction study of Pr0.5Ca0.5Mn0.95Cr0.05O3
by Mahendiran et al. 101 and also high resolution X-ray diffraction study in
Nd0.5Ca0.5Mn0.95Cr0.05O3 by Kimura et al113 The neutron diffraction studies by Yacile et al. 114 or
the Co- doped Pr0.5Ca0.5Mn1-xCoxO3,(x = 0, 0.02, 0.05) indicate that the samples which are
structurally single phase at room temperature, can disintegrate into two structural phases with
different degrees of distortion and strains in them below the charge ordering temperature of the
parent compound. One of the structural phases undergoes a ferromagnetic transition at a lower
temperature, while other phase shows charge-orbital ordering and CE -antiferromagnetic
ordering for x = 0.02. For 2% Co, the ferromagnetic phase fraction is 58 %, while the charge-
ordered phase fraction is 42% at 2 K. However, the ferromagnetic phase fraction increases to 82
% and the charge ordered phase fraction decreases to 18%  for x = 0.05. The CE type
antiferromagnetic ordering in x = 0.05 is found to be rather weak and it is suggested that the
charge-ordered phase is magnetically disordered. The neutron diffraction study in
Pr0.45Ca0.55Mn1-xCrxO3 (x = 0, 0.03, 0.06) by A. Martinilli et al. 115 reveals that the parent
compound (x= 0) changes from orthorhombic, above TCO, to monoclinic structure, below TCO.
The substitution of Cr hinders development of the monoclinic phase. Although, the minority
monoclinic (charge-orbital ordered) phase coexists with the majority orthorhombic
(ferromagnetic) phase in x = 0.03, the x = 0.05 sample is mostly orthorhombic and ferromagnetic
at low temperatures. Hence, it appears that the phase fraction of the charge-orbital ordering
below TC strongly depends on the nature of the impurity dopants and the Ca content. We
conjecture that charge-orbital correlated regions are present above TC in B = Cr, Ni, and Co
compounds. In addition, ferromagnetically correlated regions (ferromagnetic polarons of size 10-
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12 Å) also develop above TC. In zero field, these ferromagnetic polarons grow in size as TC is
approached from above and coalesce below TC. When the applied magnetic field at a fixed
temperature above TC is increased above a critical value, charge–orbital fluctuations are
suppressed and simultaneously the size of ferromagnetic polarons increases abruptly, which
leads to the observed field-induced metamagnetic transition. Evidence for the coexistence of
short-range charge ordered and ferromagnetic clusters above TC is provided by small angle
neutron scattering  and muon relaxation studies in Sm0.55Sr0.45MnO3, which also indicated the
increase in the size of ferromagnetic polarons at the expense of the charge-orbital phase with
increasing magnetic field.83 A large magnetic entropy change due to field-induced metamagnetic
transition in the paramagnetic state has been also demonstrated in a closely related composition
Sm0.6Sr0.4MnO3.85
Field induced metamagnetic transition above TC has different origins in different
compounds.  In Gd5(SixGe1-x)4 116 and MnFeP1-xAsx 41, the field-induced metamagnetic transition
is accompanied by structural changes. In itinerant ferromagnets such as La(FexSi1-x)13 and
La(FexSi1-x)13Hy, paramagnetic and ferromagnetic states are close in energies and the applied
field shifts the energy minimum of the FM state to values lower than that of the PM state above
TC, resulting in the metamagnetic transition at a given temperature.117,118 While suppression of
the charge-orbital fluctuations and enhancement in the size of magnetic polarons  could be a
possible mechanism of the MCE in our Ni, Co, and Cr doped compounds,  we can not entirely
rule out the possibility of the enhanced MCE due to magneto-elastic coupling in these
compounds.
Doping divalent Co and Ni ions, unlike Cr3+, increases the Mn4+ content relative to the
Mn3+ content to maintain the charge neutrality. For example, charge neutrality in Pr0.6Ca0.4Mn1-
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xNixO3 requires the Mn3+ content to decrease by 0.6-2x and the Mn4+ content to increase by
0.4+2x. The increase in the Mn4+ content can reinforce CO ordering. Hence, in contrast to Cr3+,
volume fraction of charge-orbital phase is expected to be large in the Co and Ni doped samples
and hence their Curie temperatures are lower than that of Cr. While Fe3+(d5) interacts
antiferromagnetically with Mn3+ and Mn4+ ions, Al3+(d0) does not interact magnetically with Mn
ions. Although the charge-orbital ordering is weakened, long range ferromagnetism is not
induced for B = Al and Fe.
The absence of the field-induced metamagnetic transition in the Ru-doped sample above
TC suggests charge-orbital fluctuation and magnetic polarons are nearly absent or very weak in
the paramagnetic phase of this compound. The values of the resistivity at its peak and at the
lowest temperature are also much lower than other B-site doped compounds.  Such a robust
change in the magnetic and electronic ground states with Ru substitution is most likely due to the
ability of Ru to exist in dual valence (Ru4+ & Ru5+) states as suggested by XANES and XAFS
studies.119 Such mixed valence states of Ru favors the reaction Ru5+:t2g3 + Mn3+:t2g3eg1↔
Ru4+:t2g4eg0+ Mn4+:t2g3eg0, which allows the double exchange ferromagnetic interaction in Ru5+-
O-Mn3+ and Mn4+-O-Mn3+ pairs. The hybridization of 4d-eg band of Ru ions with 3d-eg band of




In conclusion, our detailed investigation of Mn-site doping in CO compounds
Pr0.5Ca0.5MnO3 and Pr0.6Ca0.4MnO3 with main emphasis on magnetic and magnetocaloic
characterization reveals the following. It is found that 3 % Ru is sufficient to destroy the charge
ordered antiferomagnetic phase of the parent compound (x = 0) in Pr0.5Ca0.5Mn1-xRuxO3 (x =
0.03, 0.05 and 0.1) series. The x = 0.03 composition shows the largest value of magnetic entropy
change (ΔSM = -4.26 J/kg K at TC = 212 K for ΔH = 5 T) in the series and this value is  larger
than the values reported around the Curie temperature of other half-doped manganites. The SM (
= -5.99 J/kgK for H = 5 T at T = 155 K) for Pr0.6Ca0.4Mn0.96Cr0.04O3 is superior to that of
Pr0.6Sr0.4Mn0.96Cr0.04O3 (SM = -2.08 K/kgK at its TC). Inverse susceptibility study suggests
short-range charge-orbital ordered clusters are present above the  long range ferromagentic
transition temperarure in Pr0.6Ca0.4Mn0.96Cr0.04O3 and Pr0.6Ca0.4Mn0.96Cr0.04O3. The
transformation of the short-range charge-orbital ordered clusters into ferromagentic phase under
increasing magnetic field strength leads to metamagnetic transition which results in enhance
magnetic entropy in the Cr doped compound. When it comes to various impurity doping at the
Mn-site in Pr0.6Ca0.4Mn0.96B0.04O3 with B = Fe, Al, Cr, Co, Ni and Ru. A long range
ferromagnetism and metallic behavior in weak magnetic fields are found only for B = Cr, Co, Ni
and Ru,  whereas,   B = Fe and Al remain as charge- ordered antiferromagnetic insulators. The
magnetic properties of the compounds with isovalent impurities (B = Fe3+, Al3+, Cr3+) are found
to be different, which suggests that the variation in the eg-electron density alone is not sufficient
to explain the origin of ferromagnetism in these compounds. The highest magnetic entropy (ΔSM
= -7.37 Jkg-1K-1) in the series is found for B = Co sample followed by Ni, Cr, Ru and Fe.
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Calorimetric measurement confirms the large magnetic entropy change in B = Co though
obtained value of ΔSM (8.54 Jkg-1K-1) is higher than that of magnetization isotherms. It has been
found that the applied magnetic field induces a metamagnetic transition above the Curie
temperature in B = Co, Ni and Cr sample but not in B = Ru, which has the lowest resistivity and
highest Curie temperature. We suggest that these differences are due to existence of charge-
orbital fluctuations and ferromagnetic polarons in the paramagnetic phase of B = Co, Ni and Cr
samples. We suggest that magnetic field tuning of the charge-orbital ordered fluctuations and
size of the magnetic polarons by the Mn-site doping provides an alternative method to enhance
the magnetocaloric effect in these materials.
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Chapter 4
Structural, electrical, magnetic and magnetothermal properties of
Bi1-yCayMn1-xRuxO3 manganites
4.1 Introduction
A few important points that can be carried forward from the earlier chapter are, the B-site
substitution as against A-site substitution induced disorder directly into the Mn-O network and
small percent of Mn-site doping can have a strong impact on magnetic, electric and
magnetocaloric effects without significantly modifying the structure. The sensitivity of CO/OO
antiferromagnetic manganites to B-site substitution has been widely studied before in half doped
compounds and the transition elements Fe, Cr, Ni, Ru and Co substituted at Mn-site in low
bandwidth materials are shown to have greater ability to suppress robust CO and induce
ferromagnetism69,120,86,114,121,122,81,82. In case of intermediate bandwidth compound,
La0.5Ca0.5MnO3, Fe substitution at Mn-site favours ferromagnetic state for low level of doping
and spin glass like state with increase in doping 123,124,125, whereas non magnetic element like Ti
favours ferromagnetic state126. The exact mechanism of this impurity induced ferromagnetism is
still elusive. In the beginning, Mahendiran et al101. suggested that the doped magnetic ions,
particularly Cr3+, ferromagnetically polarized surrounding Mn ions via ferromagnetic
superexchange interaction which led to the formation of magnetic clusters around the impurity
ions in Pr0.5Ca0.5Mn1-xCrxO3. Moritomo et al.127 have suggested that imputity-3d and Mn-3d band
hybridizations enhance one electron band width and that leads to ferromagnetism. However,
Martinili et al,128 based on their neutron diffraction study in La0.5Ca0.5Mn1-xNixO3 (x ≤ 0.1)
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suggest that doped impurity ions are disordered at low temperatures and hence do not participate
in the ferromagnetic interaction. They attribute the occurrence of ferromagnetism to double
exchange interaction between Mn3+ and Mn4+ ions. While the major contribution to the measured
magnetic moment comes from Mn-spins, the above interpretation does not explain why non
magnetic ion substitution at Mn-site in  charge ordered compounds leads to no long range
ferromagnetism and metallic state56,76.
Charge ordering in Bi0.5A0.5MnO3 (A= Ca and Sr) deserves a special attention because of
their high charge ordering temperatures (TCO = 550 K for Bi0.5Sr0.5MnO3 and 325 K for
Bi0.5Ca0.5MnO3) compared to other rare earth based manganites, for which TCO is in the range
240 K to 270 K129,130,131. This difference is mainly due to the active participation of Bi3+ ions in
the formation of covalent bonding than those of rare earth ions. In general, Bi1-xCaxMnO3 is a
typical CO/OO system and is insulating over a broad compositional range129. The Bi1-xCaxMnO3
system also has distinct magnetic states. It exhibits ferromagnetic (x<0.1), spin-glass
(0.15<x<0.25) and anti-ferromagnetic (x>0.25) states. According to the established phase
diagram132 the variation of magnetic ordering and structural transition temperatures is very week
within the composition interval 0.25<x<0.6. The charge ordering in the Bi-based manganites is
so robust that the Mn-site substitution by Cr3+ ions57,133,134 or Ni2+ ions58 fails to induce a
ferromagnetic metallic state. The robustness of charge ordering in Bi-based half doped
manganites is attributed to 6s2 lone pair effect of Bi3+ ions129. However, substitution of Fe3+ at
Mn site135 reveals the existence of antiferromagnetic and CO/OO nature of the compounds for
below 5% and for higher Fe doping level there exist magnetic clusters in the paramagnetic state.
In this context, Ru-doping will be interesting since the eg-electron of Mn3+:t2g3eg1 can hop to
empty eg orbital of Ru4+: t2g4eg0 and thus can mediate ferromagnetic double exchange interaction.
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The effective bandwidth is expected to be enhanced in the Ru-doped manganites due to the
covalent nature of the eg-state of Ru, which will participate in the formation of the Mn-eg band.
Then, the eg-carriers can freely travel through the impurity sites, and can enhance the
ferromagnetic double-exchange interaction. Although Ru is found to be efficient in inducing
ferromagnetism in other rare earth manganites (R = La, Pr, Nd, and Sm)75,136, the effect of Ru
doping on the physical properties of the Bi based manganites has very less been reported. Here,
we report a systematic investigation of electrical, magnetic and magnetocaloric properties of Bi1-
yCayMn1-xRuxO3 ( 0.5 ≤ y ≤ 0.8; 0 ≤ x ≤ 0.4) series of samples. Such a diversified properties
observed in ruthenates are strong motivation for our preliminary investigation of Bi1-xCaxRuO3.
In this chapter, apart from the Ru doped Mn perovskites we have reported, for the first time,
structural, magnetic and electrical transport properties of Bi1-xCaxRuO3.
4.2 Experimental details
Series of Bi1-yCayMn1-xRuxO3 (0.5 ≤ y ≤ 0.8; 0 ≤ x ≤ 0.4) and Bi1-zCazRuO3 (0.1 ≤ z ≤
0.8) polycrystalline samples have been prepared using the standard solid-state reaction method.
Stoichiometric mixtures of Bi2O3, CaCO3, Mn2O3 and RuO2 were mixed, ground and heated
initially at 800 0C, followed by another heating at 900 0C for 10 hours finally pellets were
sintered at 1050 0C in air for 12 hr. The X-ray diffraction patterns confirm that these samples are
single phase depending on the Ca content. Four probe dc resistivity () of these samples and
magnetization (M) as a function of temperature  (T = 400 -10 K) and magnetic field (H = 0-7 T)
were measured using  a commercial superconducting cryostat (Physical Property Measuring




The room temperature X-ray diffraction profiles for Bi0.5Ca0.5Mn1-xRuxO3 (x= 0, 0.1, and
0.2) are shown in Fig. 4.1. The x = 0 and 0.1 samples are well crystallized in orthorhombic
single phase at room temperature and there is no clear shift in any of the peak positions with

























































 x = 0.2
 x = 0.1




Fig.4.1. X-ray diffraction patterns of Bi0.5Ca0.5Mn1-xRuxO3 (0 ≤ x ≤ 0.2) at room
temperature
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However, we note that with increasing Ru substitution there develops an impurity phase with a
small peak found at 2θ = 30˚ starting from the x = 0.1 compound and increases above, as
indicated in fig 4.1, which corresponds to the intense peak of the pyrochlore phase, evidenced
from the peak positions of xrd profiles of higher Ru substitutions. We clearly see an increase in
the phase fraction of pyrochlore phase for x > 0.2 (not shown here) and dwindling of perovskite
phase. Considering the influence of newly developed phase on electrical and magnetic properties
of these compositions, we have not shown the characterization details of the materials with
mixed phases.
Fig.4.2. Rietveld refinement fit of Bi0.5Ca0.5Mn0.8Ru0.2O3 at room temperature.
The Rietveld refinement fit for Bi0.5Ca0.5Mn0.8Ru0.2O3 at room temperature is shown in
Fig.4.2. The fit for Perovskite phase is observed leaving the newly developing phase. Refinement
for x=0.2 sample is shown mainly to point out the same. All the compositions belong to
orthorhombic structure with Pnm21 space group. We have shown the Rietveld refinement fit,
data and the difference in the graph. The lattice parameters are a= 10.9286, b=7.6224 and c=
5.3886 Aº for x =0 and the variation of unit cell parameters as a function of composition is so
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less that we can conveniently consider for Ru doped samples as well. Such a small change in unit
cell parameters may be due to the subtle difference in ionic radii of Ru and Mn. The lattice
parameters for other Ru doped compounds are listed in table 1.























































Fig. 4.3. X-ray diffraction patterns of Bi0.4Ca0.6Mn1-xRuxO3 (0 ≤ x ≤ 0.2) at room
temperature
The room temperature X-ray diffraction profiles for Bi0.4Ca0.6Mn1-xRuxO3 (x= 0, 0.05, 0.1
and 0.2) are shown in Fig. 4.3. The x = 0, 0.05, and 0.1 samples show orthorhombic single phase
at room temperature and there is no clear shift in any of the peak positions with varying Ru
content at Mn-site, indicating no change in the crystallographic structure. However, we note that
a very small peak, ~5% of the intense peak in perovskite structure is found at 2θ = 30˚ for x =
0.2, which corresponds to a minority pyrochlore phase. Since its phase fraction is small, its
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influence on electrical and magnetic properties of this composition can be ignored.  We found
that the phase fraction of pyrochlore phase increases rapidly with Ru content and perovskite
phase becomes minority phase for Ru content above 50 % (not shown here).
The Rietveld refinement fit for Bi0.4Ca0.6Mn0.8Ru0.2O3 at room temperature is shown in
Fig. 4.4. The fit is for Perovskite phase and very small peaks from the newly developing phase
are ignored. Refinement for x= 0.2 sample is shown mainly to point out this difference. All the
compositions belong to orthorhombic structure with Pnm21 space group. We have shown the
Rietveld refinement fit, data and the difference in the graph. The lattice parameters are a=
10.8985, b=7.5948 and c= 5.3824 Aº for x =0 and the variation of unit cell parameters as a
Fig. 4.4. Rietveld refinement fit of Bi0.4Ca0.6Mn0.8Ru0.2O3 at room temperature.
function of composition is so less that we can conveniently consider for Ru doped samples as
well. Such a small change in unit cell parameters may be due to the subtle difference in ionic
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Fig. 4.5. X-ray diffraction patterns of Bi0.3Ca0.7Mn1-xRuxO3 (0 ≤ x ≤ 0.4) at room
temperature.
The room temperature X-ray diffraction profiles for Bi0.3Ca0.7Mn1-xRuxO3 (x= 0, 0.1, 0.2,
0.3 and 0.4) are shown in Fig. 4.5. All of these samples are crystallized in orthorhombic single
phase at room temperature and there is no clear shift in any of the peak positions with varying Ru
content at Mn-site, indicating no change in the crystallographic structure. Similar to the above
mentioned two series of compounds, the pyrochlore phase in this series starts developing from
x=0.4 and the phase fraction of pyrochlore phase increases with Ru content at the cost of
perovskite phase.
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Fig. 4.6. Rietveld refinement fit of Bi0.3Ca0.7Mn0.7Ru0.3O3 at room temperature
The Rietveld refinement fit for Bi0.3Ca0.7Mn0.7Ru0.3O3 at room temperature is shown in
Fig. 4.6. The single phase is confirmed. All the compositions belong to orthorhombic structure
with Pnma space group. We have shown the Rietveld refinement fit, data and the difference in
the graph. The lattice parameters are a= 5.3208, b=7.5180 and c= 5.3651 Aº for x = 0 and the
variation of unit cell parameters as a function of composition is such that for Ru doping of 30%
samples the parameters are a = 5.3718, b = 7.6074 and c = 5.4523 Aº. The lattice parameters for
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Bi0.2Ca0.8Mn1-xRuxO3
Fig. 4.7. X-ray diffraction patterns of Bi0.2Ca0.8Mn1-xRuxO3 (0 ≤ x ≤ 0.4) at room
temperature
The room temperature X-ray diffraction profiles for Bi0.2Ca0.8Mn1-xRuxO3 (x= 0, 0.1, 0.2,
0.3 and 0.4) are shown in Fig. 4.7. All the samples are well crystallized in orthorhombic single
phase at room temperature and there is no clear shift in any of the peak positions with varying Ru
content at Mn-site, indicating no change in the crystallographic structure. In this series of
compounds we have not observed any impurity phase till x=0.4. From the xrd patterns of those
shown above, it’s very clear that as we go more towards Ca rich composition more Ru could be
doped at the Mn site without forming any impurity phase.
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The Rietveld refinement fit for Bi0.2Ca0.8Mn0.7Ru0.3O3 at room temperature is shown in
Fig. 4.8. The single phase is confirmed. All the compositions belong to orthorhombic structure
with Pnma space group. We have shown the Rietveld refinement fit, data and the difference in
the graph. The lattice parameters are a= 5.3437, b= 7.5008 and c= 5.3060 Aº for x = 0 and the
variation of unit cell parameters as a function of composition is such that for Ru doping of 30%
samples the parameters are a = 5.3805, b = 7.5237 and c = 5.3934 Aº. The lattice parameters for
other Ru doped compounds are listed in table 1.
Fig. 4.8. Rietveld refinement fit of Bi0.2Ca0.8Mn0.7Ru0.3O3 at room temperature
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Compound a   (Aº) b   (Aº) c   (Aº)
Bi0.5Ca0.5Mn0.95Ru0.05O3 10.9286 7.6224 5.3886
Bi0.5Ca0.5Mn0.9Ru0.1O3 10.9534 7.6333 5.3890
Bi0.5Ca0.5Mn0.8Ru0.2O3 10.9671 7.6442 5.3948
Bi0.4Ca0.6MnO3 10.8478 7.5076 5.3903
Bi0.4Ca0.6Mn0.9Ru0.1O3 10.8985 7.5948 5.3824
Bi0.4Ca0.6Mn0.8Ru0.2O3 10.9356 7.6211 5.3835
Bi0.3Ca0.7MnO3 5.3208 7.5180 5.3651
Bi0.3Ca0.7Mn0.9Ru0.1O3 5.3594 7.5444 5.3965
Bi0.3Ca0.7Mn0.8Ru0.2O3 5.3743 7.5768 5.4257
Bi0.3Ca0.7Mn0.7Ru0.3O3 5.3718 7.6074 5.4523
Bi0.2Ca0.8MnO3 5.3437 7.5008 5.3060
Bi0.2Ca0.8Mn0.9Ru0.1O3 5.3173 7.5203 5.3624
Bi0.2Ca0.8Mn0.8Ru0.2O3 5.3854 7.5325 5.3311
Bi0.2Ca0.8Mn0.7Ru0.3O3 5.3805 7.5237 5.3934
Table1. The list of lattice parameters obtained from the Reitveld fit (a, b and c) for all the
Bi based compounds with different doping levels of Ru at Mn site.
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Fig. 4.9. X-ray diffraction patterns of Bi1-xCaxRuO3 (0.1 ≤ x ≤ 0.8) at room temperature
The x-ray diffraction patterns of Bi1-xCaxRuO3 compounds (0.1 ≤ x ≤ 0.8) are shown in
fig. 4.9. The Ru replaced Mn compounds exhibit altogether different structure, which is very
unusual in the sense that even though Mn and Ru belong to transition metals, when it comes to
structural aspects of Bi based compounds, they are quite different. It can be observed that for 0.1
≤ x ≤ 0.4 the phase formed is pure pyrochlore and with higher Ca content the impurity phase
slowly develops. The development of impurity phase in these compounds has a contrary effect
compared to the partial replacement of Mn by Ru, in which, more Ru doping at the Mn site is
favoured for Ca rich compounds. In other words, with increasing Ca, doping of Ru more than
30% was possible. The (hkl) values have been labelled only for the peaks from the pure phase.
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The samples x=0.1, 0.2, 0.3 and 0.4 are crystallized in the cubic system with Fd3m space group
and form a continuous solid solution. However, the impurity phase present for x=0.5 and 0.6 is
considerably small. But the reason why we see the increase in the impurity phase with Ca
content is not clear to us. The most exciting result is obtained when Mn is completely replaced
by Ru. Remarkably, instead of the usual perovskite structure, these Bi based Ruthenites exhibit
pyrochlore structure. The structure was refined with the pyrochlore structure model (similar to
that of Bi2Ru2O7) and the cell parameter obtained is a= 10.2985 A. The value of cell parameter
obtained for these compound match very well with the earlier reports137.
The most general description of the pyrochlore structure is provided here and a schematic
diagram is shown in Fig 4.10. Pyrochlores with general formula A2B2O6Ó, formed by a wide
variety of ions and tolerates a high degree of non-stoichiometry on the Ó anion and A cation
sites. The pyrochlore structure is cubic with 8 formula units per unit cell. The most common
charge distributions are A-site cation being di/ tri valent and B-site cation being penta/tetra
valent. As far as the coordinate environment of the pyrochlore with the general formula A2B2O6Ó
is concerned, it has a structure in which distorted BO6 octahedra share corners to form a
tetrahedral lattice of the formula B 2O6 (Ref. 138). The A cations are present at the center of the
hexagonal rings of oxygens (formed from six BO6 octahedra) with two more oxygens (Ó) located
above and below the ring and hence are eight-coordinate.
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Fig. 4.10. A schematic of the cubic pyrochlore structure in the form A2B2O6Ó.
Each Ó atom is tetrahedrally coordinated with A cations, and the A and Ó atoms form a
tetrahedral lattice of the formula A2Ó. The B 2O6 and A2Ó lattices interpenetrate, and the B and A
cations interact through B-O-A linkages. So, each O is surrounded with two B and two A cations
in a distorted tetrahedron. The pyrochlore A2B2O6Ó tolerates a high degree of vacancy on the Ó
anion sites, so its composition is A2B2O6(Ó)1-y, i.e., A2B2O7-y, if the distinction between O and Ó
is not made. Among all, Ruthenate pyrochlores are most widely studied because of their unusual
electronic139,140,141 and catalytic142 properties. The role played by 4d electrons of Ru atom
basically decide whether a material is metallic, Pauli paramagnet or a semiconductor depending
on the A site cation. The metallic pyrochlore ruthenates have shorter Ru-O bond length and
larger Ru-O-Ru bond angles compared to their semiconducting counterparts, to increase the
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overlap between 4d orbitals or Ru and 2p orbitals of Oxygen. The ionic radius of the A site
cation and the Ru-O-Ru bond angle follow a linear relationship.
Fig. 4.11. Temperature dependence of magnetization for the Thallium pyrochlores,
Tl2Ru2O7.
Some of the recent and interesting studies include, metamagnetism and quantum
criticality in Sr3Ru2O7143, quasi one-dimensional behaviour in BaRu6O12144, Fermi liquid
behaviour in La4Ru6O19145. It’s the delicate balance between crystal structure and the strongly
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correlated electronic state, which has significant impact on the ground state of the system in
ruthenates. The important structural framework for the electronic properties is the three-
dimensional network of corner-sharing RuO6 octahedra, which are linked into zigzag chains
along the (110) direction. Pb2Ru2O7 and Bi2Ru2O7 show metallic behaviour down to the lowest
temperature. The larger ionic radii of Pb2+ and Bi3+ result in better electron transfer through a
larger Ru-O-Ru bond angles and shorter Ru-O distances and a further increase in the bandwidth
can be achieved by the hybridization of Pb/Bi 2p states with Ru t2g bands140,146. However,
Tl2Ru2O7 exhibits a metallic-semiconductor transition147 at around 120 K. The temperature
dependence of the magnetization for Tl2Ru2O7 is shown in Fig 4.11. A change in magnetization
has been observed and this actually corresponds to the metallic-semiconducting transition
mentioned above. The difference between field cooled and zero-field-cooled magnetization
below temperatures 40 K corresponds to the spin-glass-like behavior. In case of Yittrium or
Lanthanide based ruthenates the material exhibits anti-ferromagnetic insulator and the insulating
state is resulted from the Mott-Hubbard gap in the Ru t2g bands148. Even though structurally very
different, two compounds worth mentioning here are SrRuO3 and CaRuO3. These ruthenates
exhibit interesting magnetic and electrical properties due to the large special extent of 4d wave
functions. SrRuO3 is an itinerant ferromagnet having long range magnetic order below Tc ~ 160
K149. The Ca substitution at Sr site monotonically decreases the critical temperature and the
spontaneous magnetization vanishes150 as Ca concentration close to x = 0.7. It has been
supported by the Curie-weiss like behaviour150 in the compositon range Sr1-xCaxRuO3 with the
Weiss temperatue changing its sign from positive to negative at around x=0.7. On the other hand,
CaRuO3 is a paramagnet with a strong electron correlation that is on the verge of magnetic
ordering149.
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4.4 DC magnetic properties and phase diagram
Fig. 4.12 shows the temperature dependence of magnetic moment, M(T), for
Bi0.5Ca0.5Mn1-xRuxO3 (x = 0, 0.05, 0.1, and 0.2) under a magnetic field of H = 1 k Oe. The M(T)
of x = 0 is shown on the right y-scale for clarity. The parent compound, x = 0, exhibits peaks in
M(T) corresponding to TCO = 318 K  and 330 K while cooling and warming, respectively. This
peak signals the onset of charge-orbital ordering, by enhancing the antiferromagnetic
correlations. With lowering temperature, long range CE-type antiferromagnetic ordering of Mn-






































Fig. 4.12 Temperature dependence of the magnetic moment (M(T)) for Bi0.5Ca0.5Mn1-
xRuxO3 (x = 0, 0.05, 0.1 and 0.2) under magnetic field H = 1000 Oe. Inset shows the field
dependence of magnetic moment at 10 K.
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spins takes place, resulting in a peak at TN = 130 K. The charge–orbital ordering temperature
shifts down to TCO = 197 K upon 5 % Ru doping at the Mn-site, which causes a maximum
around 197 K in M(T). The antiferromagnetic transition is not clearly visible and the TC is
determined to be 92 K. There is change in the TCO but the magnetic moment is greatly enhanced
in the low temperature region for x = 0.1. The CO transition is rather broad in temperature for
x=0.05 compared to that of x-0.1 and the ferromagnetic Curie temperature (TC) determined from
the point of inflection of the M-T curve under H = 1 k Oe, is around 148 K for x = 0.1. We show
magnetic moment isotherms at T = 10 K for x = 0.05, 0.1 and 0.2, measured after zero field
cooling (ZFC) to 10 K, in the inset of Fig. 4.12. The x = 0.05 sample exhibits a small hysteresis
loop around the origin but the magnetization increases continuously without saturation up to H =
5 T.  The magnetization values are 0.82, 2.57 and 2.07 B/f.u. for x = 0.05, 0.1 and 0.2 at H = 5
T, respectively.  Even x=0.1 sample at high fields (5 T) shows an unsaturated behaviour
indicating that the low temperature magnetic phase is not completely FM. On the other hand,
M(H) of   x = 0.2 increases rapidly at low fields (H < 0.5 T) and  saturates at high  fields.
Fig. 4.13 shows the temperature dependence of magnetic moment, M(T), for
Bi0.4Ca0.6Mn1-xRuxO3 (x = 0, 0.05, 0.1, and 0.2) under a magnetic field of H = 1 kOe. The M(T)
of x = 0 is shown on the right y-scale for clarity. Note that the scales are different on the right
and left –y axes.  Upon cooling from high temperature, M(T) of x = 0 exhibits a peak around TCO
= 327 K  and this peak shifts to 335 K upon warming. This peak signals the onset of charge-
orbital ordering, which suppresses ferromagnetic correlations prevalent among Mn-spins for T >
TCO and enhaces antiferromagnetic correlations for T < TC. As the temperature is lowered, a long
range CE-type antiferromagnetic ordering of Mn-spins in the charge ordered matrix takes place
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Fig. 4.13 Magnetic moment (M) as a function of temperature (T) under H = 1 kOe, for x = 0
(on the right y-axis), 0.05 (multiplied by 3.6 ), 0.1 and 0.2 (left –y axis). Inset (a) shows the
M-T in the temperature range 200- 350 K under magnetic field of 3T for x = 0.05 and 0.1,
and the inset (b) shows M-H for x = 0.05, 0.1 and 0.2 at 10 K.
at TN = 130 K which causes another peak appears at TN = 130 K. The charge–orbital ordering
temperature shifts down to TCO = 300 K upon 5 % Ru doping at the Mn-site, which causes a
maximum around 300 K in M (T). The peak due to charge-orbital ordering is clearly visible at
higher fields, for example at H = 3 T, as shown in the inset (a).  The M(T)  increases gradually
below TCO and reaches a maximum value of 0.066 μB/f.u. at 10 K. The low value of induced
magnetic moment indicates a weak ferromagnetic nature of the sample. For clarity, it has been
multiplied by a constant (3.6x) as indicated in the graph. The antiferromagnetic transition is not
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very clear from M(T). The TCO shifts down to 265 K and magnetic moment is enhanced in the
low temperature region for x = 0.1. The weak anomaly at TCO ~ 265 K in M-T curve is amplified
under H = 3 T, as shown in the inset (a) of Fig. 4.13. The ferromagnetic transition is rather broad
in temperature and the ferromagnetic Curie temperature (TC) determined from the point of
inflection of the M-T curve under H = 1 kOe, is around 98 K for x = 0.1. However, the insulator
to metal transition in H= 0 occurs around 130 K for this compound. Because of the broadness of
the transition it is difficult to assign a single TC for this compound. We mark TC  130 K in the
graph to coincide with the insulator-metal transition. The TC increases to 272 2K and magnetic
moment is greatly enhanced for x = 0.2 which shows no sign of charge ordering.
We show magnetic moment isotherms at T = 10 K for x = 0.05, 0.1 and 0.2, measured
after zero field cooling (ZFC) to 10 K, in the inset (b) of Fig. 4.13. The x = 0.05 sample exhibits
a small hysteresis loop around the origin but the magnetization increases continuously without
saturation up to H = 5 T.  While the value M does not exceed 0.45 B/f.u. in x = 0.05 at H = 5 T,
it reaches 1.95 B/f.u. for x = 0.1.  However, the virgin M(H) curve (H = 0 → 5 T) of x = 0.1 lies
outside the envelop  traced by  subsequent field sweeps   ( +5 T → -5 T → +5 T).  Once the field
reaches +5 T, further field cycling reproduces a soft ferromagnetic like M(H) behaviour but with
negligible remanence and coercivity. On the other hand, M(H) of   x = 0.2 increases rapidly at
low fields (H < 0.5 T) and  saturates at high  fields. The coercive field is rather small (Hc = 230
Oe) and magnetic moment reaches 2.2 μB/f.u.  at H = 5 T which suggests that this composition is
a soft ferromagnet.
Above results show that Ru doping is more efficient to destabilize charge ordering and
induce ferromagnetic metallic state in the Bi0.5Ca0.5MnO3 and Bi0.4Ca0.6MnO3 compared to Cr, Ni
or Fe. The greater ability of Ru in destabilizing charge-orbital ordering is most likely caused by
118
the covalent nature of the eg-state of Ru, which will participate in the formation of the Mn-eg
band and widens it. Then, the eg-carriers can freely travel through the impurity sites, and can
enhance the ferromagnetic double-exchange interaction. At very low doping, for example at x =
0.05, double exchange interaction between Ru4+:t2g4eg0-Mn3+:t2g3eg1 leads to ferromagnetic
clusters around the impurity ion (Ru4+). These clusters, at low Ru4+ doping such as in x = 0.05,
are well separated and randomly dispersed in the charge ordered matrix. These clusters can
orient under the magnetic field but the fact that the magnetic moment is only 0.016 B/f.u. even
at H = 5 T suggests that these clusters are rather small in size. So they can be considered as non
interacting superparamagnetic clusters. Since field-induced metamagnetic transition is not
observed in x = 0.05, it is unlikely that the observed colossal magnetoresistance is due to
uniform melting of the charge-ordered matrix. It is most likely that charge-ordered
antiferromagnetic domains in the vicinity of superparamagnetic clusters reverse their magnetic
moments to become parallel to magnetic field. It results in local melting of charge-ordering and
enhancement of the average size of the superparamagnetic clusters.109
As the level of Ru doping increases, average size of ferromagnetic clusters increases and
eventually leads to a percolation of these clusters in the charge ordered background. Hence an
insulator to metal transition is observed in x = 0.1 for Bi0.5Ca0.5MnO3 and Bi0.4Ca0.6MnO3.  In
case of Bi0.4Ca0.6Mn0.9Ru0.1O3, the irreversibility between the virgin  M-H data taken while
sweeping the field from 0 to 5 T and  the soft ferromagnetic behaviour found in subsequent field
cycles indicates that the low temperature phase is a mixture of ferromagnetic and charge ordered
phases.  Indeed, electron magnetic resonance study on La0.4Ca0.6Mn1-xRuxO3 (0<x<0.16) by
Shames et al. 151 indicated admixture of ferromagnetic and antiferromagnetic phases at low
temperature. Moritomo et al. have suggested that the sample x = 0.03 of Nd0.5Ca0.5Mn1-xRuxO3
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series is single phase (orthorhombic, Pbmn space group) at room temperature, but it separates
into two orthorhombic phases below 200 K, one with long c-axis and another with short c-axis.
Charge-ordering with antiferromagnetism develop in the phase with the short c-axis, whereas the
long c-axis phase becomes ferromagnetic and metallic at low temperatures. A homogeneous
single phase orthorhombic structure with the short c-axis is observed only for x = 0.1.
The very low value of resistivity and absence of history dependent M(H) in x = 0.2 for
Bi0.4Ca0.6MnO3 compared to other compositions indicate that these samples are possibly a
homogeneous ferromagnet. However, the observed value of M(H = 5T) = 2.2 B./f.u. is much
smaller than the expected moment of 3.6 B/f.u. calculated from combination of 40% Mn3+ (S =
2), 40% Mn4+ (S = 3/2) and 20% Ru4+ (S = 2) ions. Such a low value of magnetic moment is not
uncommon in the Ru-based compounds. The well known ferromagnet SrRuO3 shows a
magnetization of 1.4± 0.3B/Ru at 5 K  compared to the theoretical value of 2B/Ru152,153.
Another possibility is that nearly 30 % of Mn spins are disordered, i.e., remain paramagnetic
below the ferromagnetic curie temperature. However, we have not observed spin or cluster glass
behaviour in the magnetization behaviour for these compounds and also the resistivity of the
sample is expected to be much higher if significant fraction of paramagnetic semiconducting
phase coexist with the ferromagnetic phase. Hence, it is likely that x = 0.2 is a homogeneous
ferromagnet with reduced saturated magnetization due to itinerant nature of the charge carriers.
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Fig.4.14: Phase diagram of Bi0.4Ca0.6Mn1-xRuxO3 (x = 0 – 0.3). The different regions are
abbreviated as follows: PM - Paramagnetic; FM - Ferromagnetic; CO - Charge-Ordered;
AFM - Antiferromagnetic.
Based on the above dc magnetization data, a magnetic Phase diagram for Bi0.4Ca0.6Mn1-xRuxO3 is
established and is shown in Fig. 4.14. The transition temperatures (TC, TCO, TN) are plotted as a
function of composition in the phase diagram. The importance of different phases existing as a
function of composition is emphasised in this phase diagram. While the compositions with x ≤
0.1 transforms from paramagnetic to antiferromagnetic insulator, the compositions x ≥ 0.1
transforms from high temperature paramagnetic to ferromagnetic insulator. However, the
composition x = 0.3, even though shown here, has a small impurity phase.
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Fig. 4.15 Magnetic moment (M) as a function of temperature (T) under H = 1 kOe, for x = 0
(on the right y-axis), 0.1, 0.2, 0.3 and 0.4 (left –y axis). Inset shows M-H for x = 0.1, 0.2, 0.3
and 0.4 at 10 K.
The temperature dependence of magnetic moment for Bi0.3Ca0.7Mn1-xRuxO3 (x = 0, 0.1,
0.2, 0.3 and 0.4) under a magnetic field of H = 1 kOe are shown in Fig. 4.15. The M(T) of x = 0
is shown on the right y-scale and all other Ru doped compounds on left y-scale. The parent
compound, x = 0, exhibits a peak around TCO = 228 K while cooling and this peak position is
shifted to higher temperatures by almost 14 K while heating and a long range antiferromagnetic
ordering of Mn-spins sets in at around TN = 120 K with a large thermal hysteresis around this
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temperature. The charge–orbital ordering temperature increases to TCO = 258 K upon 10 % Ru
doping at the Mn-site and vanishes with higher Ru doping level. The M(T)  increases gradually
below TCO and reaches a maximum value of 0.096 μB/f.u. at 10 K. The low value of induced
magnetic moment indicates a weak ferromagnetic nature of the sample. The antiferromagnetic
transition is not very clear from M(T). The TCO has a very week anomaly around 265 K and
magnetic moment is enhanced in the low temperature region for x = 0.2. The ferromagnetic
transition is rather broad in temperature and the ferromagnetic Curie temperature (TC) is
determined, under H = 1 kOe, to be around 98 K for x = 0.2. The CO is completely destroyed
and a clear para-to-ferromagnetic transition is observed at around 277 K in case of x=0.3 and 0.4.
We can also notice the increase in TC and enhancement in the magnetic moment for x = 0.3 and
0.4.  We show magnetic moment isotherms at T = 10 K for x = 0.1, 0.2, 0.3 and 0.4, measured
after zero field cooling (ZFC) to 10 K, in the inset of Fig. 4.15. The x = 0.1 sample exhibits a
very low magnetic moment as the dominant phase is AFM phase and the magnetization increases
continuously without saturation up to H = 7 T. The value of M considerably increases in x = 0.2
and also exhibits filed hysteresis. On the other hand, M(H) of   x = 0.3 increases rapidly at low
fields and  reaches a highest magnetization of 1.73 μB/f.u. at H = 7 T but still remains
unsaturated at high  fields. The samples x = 0.3 and 0.4 don’t show any field hysteresis.
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Fig. 4.16 Magnetic moment (M) as a function of temperature (T) under H = 100, 1k, 2kOe,
1 and 5 T for Bi0.3Ca0.7MnO3.
The temperature dependence of magnetization M(T) measured under different magnetic
fields (0.01, 0.1, 0.2, 1 and 5 T) for Bi0.3Ca0.7MnO3 is shown in Fig. 4.16. The data under
different magnetic fields, except under 5 T, are multiplied by arbitrary numbers, 0.8, 1.2 and 2,
to clearly show the evolution. The sample undergoes two magnetic transitions, TCO and TN as the
temperature is lowered. The TCO under 100 Oe is not clearly visible, where as TN has a
prominent feature. The peak position at TN slightly shifts to higher temperatures with increasing
field on the other hand the peak amplitude at TCO enhances progressively as the field is increased
and after 2 kOe field, the peak amplitude at TCO dominates over that of TN. A similar behaviour
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of increased peak amplitude and thermal hysteresis under high magnetic fields has been observed
in case of Bi0.4Ca0.6MnO3. Moreover, mainly because of the fact that the TN and the TCO are close
to each other the anomaly at TN and TCO under high magnetic fields seem to be merging.















Fig. 4.17 Magnetic phase diagram of Bi0.3Ca0.7Mn1-xRuxO3 (x = 0 – 0.4). The different
regions are abbreviated as follows: PM - Paramagnetic; FM - Ferromagnetic; CO -
Charge-Ordered; AFM - Antiferromagnetic.
We summarize our dc magnetization results for Bi0.3Ca0.7Mn1-xRuxO3, as a magnetic
Phase diagram in Fig. 4.17. We have carefully attempted to determine the transition temperatures
(TC, TCO, TN) for different Ru doping levels. The high temperature phase is observed to be
paramagnetic throughout the composition range. For the range x ≤ 0.2, TCO increases with Ru
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doping which is contrary to the behavior observed in Bi0.4Ca0.6MnO3. Consequently, we see
development of FM order and increase in the TC with the composition. It is worth noting that the
AFM phase in this series is stable over a wide composition range.









































Fig.4.18 Magnetic moment (M) as a function of temperature (T) for Bi0.2Ca0.8Mn1-xRuxO3
under H = 1 kOe, for x = 0 (on the right y-axis), 0.1, 0.2, 0.3 and 0.4 (left –y axis). Inset
shows M-H for x = 0, 0.1, 0.2, 0.3 and 0.4 at 10 K.
The temperature dependence of magnetic moment for Bi0.2Ca0.8Mn1-xRuxO3 (x = 0, 0.1,
0.2, 0.3 and 0.4) under a magnetic field of H = 1 kOe are shown in Fig.4.18. The M(T) of x = 0
is shown on the right y-scale and all other Ru doped compounds on left y-scale. The parent
compound, x = 0, shows a peak around TN = 95 K with a small thermal hysteresis around this
temperature. With lowering temperature, there is a slight increase in the magnetic moment.
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Unlike previous reports, there is no clear signature of the existence of CO and FM in this
compound132, 154. We observe a clear enhancement of magnetic moment and shifting of TN to
higher temperatures with increase in content of Ru doping at Mn site for x = 0.1 and 0.2. The
magnetization is almost constant at temperatures well below 104 and 112 K for x = 0.1 and0.2,
respectively. A slight decrease in the magnetization has been observed for x = 0.3 because of the
relatively high TN value (around 175 K). It’s very clear from the temperature dependent
magnetization behaviour of x =0.3 that the AFM interactions are suppressed to greater extent and
correspondingly a small anomaly is seen around 175 K. A clear but broad para-to-ferromagnetic
transition is evidenced for x = 0.4 indicating dominant FM interactions with minority AFM
phase present. The magnetic moment isotherms at T = 10 K for x = 0.1, 0.2, 0.3 and 0.4,
measured after zero field cooling (ZFC) to 10 K, are shown in the inset of Fig. 4.18. The x = 0.1
sample exhibits a very low magnetic moment as the dominant phase is AFM phase and the
magnetization increases continuously without saturation up to H = 7 T.  The value of M
considerably increases in x = 0.2 and also exhibits filed hysteresis. On the other hand, M(H) of
x = 0.3 increases rapidly at low fields and  reaches a highest magnetization of 1.73 μB/f.u. at H =
7 T but still remains unsaturated at high  fields. The samples x = 0.3 and 0.4 don’t show any field
hysteresis.
As we go towards Ca rich compounds, Bi0.2Ca0.8Mn1-xRuxO3, the magnetization behavior
can be compared with the magnetization behavor of CaMn1-xRuxO3. It was shown155,156 that for
Ru doping at the Mn site the predominant valency of Ru ions is Ru5+ and the doping of x% of Ru
at Mn site acts to increase the same percent of Mn3+ content but causes a decrease of 2x% of
Mn4+ ions. By drawing an analogy for Bi0.2Ca0.8Mn1-xRuxO3, it implies that the substitution of
Mn4+ ions by Ru5+ ions also transforms additional Mn4+ ions to Mn3+ ions to preserve the charge
127
balance and therefore, Ru5+ substitution enhances FM double exchange interaction. Moreover,
Mn3+ ions may interact with Ru5+ ions through FM superexchange (SE) interaction. The FM
interaction between Mn and Ru species may also be enhanced by the hybridization of their eg
orbitals, allowing conduction paths to be established through Mn-O-Ru bridges. Even though the
reasons is not very clear, Ru4+ having four 4d electrons, similar electronic state to that of Ir in
Ba2HoIrO6, contributes very little to the magnetic moment15 in these specimen. In addition, there
exist antiferromagnetic SE between Mn4+ ions, inherent to the pristine AFM matrix. At high
enough level of Ru doping the AFM superexchange between Mn3+ ions may also became
essential. The competition of all these interactions results in development of an inhomogeneous
magnetic ground state in the compound. A ferromagnetic Mn3+ - Mn4+ pair, antiferromagnetic
coupling among excess Mn4+ ions, and antiparallel configuration of Ru5+ and Mn spin moments
leads to the resultsing magnetic moment in the system. The evolution of magnetization as a
function of Ru doping in the M-T curves can be explained by the fact that the double exchange
between Mn3+ and Mn4+ species is enhanced depending on the optimum Mn3+/Mn4+ ratio and
beyond the doping level super-exchange between Mn3+ and Ru5+ species takes over.
The inverse magnetic susceptibility vs. Temperature curves for Bi0.3Ca0.7Mn1-xRuxO3
(0≤x≤0.3) and Bi0.2Ca0.8Mn1-xRuxO3 (0≤x≤0.4) are shown in Fig.4.19. The inverse susceptibility
curve for Bi0.3Ca0.7MnO3, follow a linear behavior as function of temperature at high
temperatures, characteristic of paramagnetic regime. In other words, the high temperature region
follows the Curie-Weiss behaviour with an obvious positive paramagnetic curie temperature (Ɵp)
as the extended linear region intersects the positive temperature axis. As we lower the
temperature below the CO temperature, there will be a gradual decrease of Ɵp indicative of
antiferromagnetic interactions in that temperature region.
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Fig. 4.19. Temperature dependent inverse susceptibility for Bi0.3Ca0.7Mn1-xRuxO3 (x = 0,
0.1, 0.2, and 0.3 ) and Bi0.2Ca0.8Mn1-xRuxO3 (x = 0, 0.1, 0.2, 0.3 and 0.4 ).
This behaviour has already been observed earlier in the CO Bi based compounds157. With Ru
doping the low temperature antiferromagnetic phase is greatly suppressed and the temperature
corresponding to CO is increased with a week anomaly in the inverse susceptibility curves. The x
= 0.1 sample shows a very small dip in the inverse susceptibility curve, deviating from the Curie-
Weiss behavior and similar behavior is also observed for x=0.2. This is in contrast to the
temperature dependent inverse susceptibility behaviour observed in transition metal-doped Pr
based CO manganites reported in the previous chapter. Such a behavior has been attributed to the
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existence of small FM clusters in the paramagnetic region and in these samples the contrasting
behavior can be due to the existence of AFM clusters in the paramagnetic matrix. The CO phase
is completely absent for x =0.3 and as a result pure Curie-Weiss behavior is observed without
any deviation. The magnetic susceptibility as a function of temperature for Bi0.2Ca0.8MnO3 at
different Ru doping levels do show a deviation from the linear behaviour corresponding to the
antiferromagnetic interactions present in the system. With Ru doping, from x= 0.1 to x= 0.3, the
anomaly becomes weaker and shifts to high temperature as can be seen from the inverse
susceptibility curves. The x=0.4 sample exhibits no deviation from Curie-Weiss law.
















Fig.4.20 Magnetic phase diagram of Bi0.2Ca0.8Mn1-xRuxO3 (x = 0 – 0.4). The different
regions are abbreviated as follows: PM - Paramagnetic; FM - Ferromagnetic; AFM -
Antiferromagnetic.
130
Fig. 4.20 represents a magnetic Phase diagram of Bi0.2Ca0.8Mn1-xRuxO3, obtained from
compiling the dc magnetization data. As the Ru content doped at Mn-site increases, the system
passses through two different magnetic states, AFM for x ≤ 0.2 and FM for x ≥ 0.2 at
temperatures below 120 K. A smooth variation of FM transition can be observed with Ru doping
in these compounds.
The temperature dependent magnetic moment for Bi1-xCaxRuO3 under 10 kOe is shown
in the main panel of Fig.4.21. The magnetization has a very weak signal under applied fields






































Fig. 4.21. Magnetic moment (M) as a function of temperature (T) for Bi1-xCaxRuO3 under
H = 10 kOe, for x = 0.3, 0.4 and 0.5. Inset shows M-H for x = 0.3, 0.4 and 0.5 at 10 K.
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below 5 kOe.  We observe that the low temperature phase is not purely ferromagnetic as the
magnetic moment does not saturate as a function of both temperature and applied field. In fact,
the field dependent magnetization recorded at low temperature, 10 K, for the three different
compounds show more of antiferromagnetic dominated low temperature phase. The magnetic
moment for x=0.3 is more than that of for x=0.4. The magnetic behavior for x=0.5 doesn’t really
follow the trend of the other two compounds may be because of the small impurity phase present
in the compound and at low temperature it seems like the antiferromagnetic nature is stronger
than the other two compounds. The week transition exhibited by these compounds around 296 K,
doesn’t show any variation among themselves. Although these compounds have structural
similarity with Bismuth based ruthenites (e.g Bi2Ru2O7), the magnetic behaviour is remarkably
different where in the predominant contribution comes from Pauli paramagnetism in those
compounds. The inset displays the magnetization as function of filed for x=0.3, 0.4 and 0.5 at 10
K. These samples show a non-linear field dependent magnetization in the low field (0.5 T)
region and non-saturating and nearly linear behaviour in the high filed region. This may be
because of very weak ferromagnetic order present in the system even at low temperatures. The
magnetization curves exhibit very small hysteresis around the origin with negligible remanence,
coercivity and spontaneous magnetization indicating coexistence of FM and AFM phases.
4.5 DC electrical properties
Shown in Fig. 4.22 are the results of (T) for Bi0.5Ca0.5Mn1-xRuxO3 (x = 0, 0.05, 0.1 and
0.2) under H = 0, 3, 5 and 7 T. The (x= 0) in H= 0 T shows an anomalous behavior around
charge-orbital ordering temperature TCO = 327 K. The sample shows semiconducting like
behavior down to 50 K and the resistivity is too high to be measured below this temperature.
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Fig.4.22 Temperature dependence of the dc resistivity (ρ(T)) for Bi0.5Ca0.5Mn1-xRuxO3 (x =
0, 0.05, 0.1 and 0.2) under magnetic fields H = 0, 3, 5 and 7T.
The resistivity increases with lowering temperature, as the carrier hopping is greatly suppressed
because of the existence of CO phase. There are no anomalies observed in the resistivity around
AFM transition temperature, as seen from the magnetizatin curves. The resistivity is hardly
affected by the highest available magnetic field (H = 7 T). There is no change in either the value
or behavior of resistivity for x = 0.05 but it decreases by almost 6 orders of magnitude for x=0.1
and by seven orders of magnitude for x = 0.2, in the absence of the field, at T = 10 K compared
to pristine compound.
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While x = 0.05 sample is semiconducting down to the lowest temperature in H= 0 T, a
semiconductor to metal transition with thermal hysteresis occurs for x = 0.1. The resistivity peak
occurs around Tp = 130 K. The decrease in the resistivity with temperature at low temperatures
can be attributed to the enhancement of FM correlations in the system, which will be clear from
the magnetization behaviour shown below. Another feature is that, the drop in resistivity at TCO
associated with the CO-PM transition becomes ambiguous first and then disappears with Ru
doping. The x = 0.2 sample does not show hysteresis and there is no significant change in Tp as
the level of Ru doping increases. A similar behaviour has been observed in Ru doped
Sm0.55Sr0.45MnO3 compounds158. This has been explained as a consequence of comepition
between double exchange and superexchange interactions158,159. Even in the presence of an
external magnetic field, (x = 0.05) does not show any decrease similar to the x=0 compound.
The applied magnetic field decreases the resistivity peak and shifts it to high temperatures in x =
0.1 and 0.2.
The (T) for Bi0.4Ca0.6Mn1-xRuxO3 (x = 0, 0.05, 0.1 and 0.2) under H = 0, 3, 5 and 7 T are
shown in Figure 4.23. The (x= 0) in H= 0 T shows a step like increase when charge-orbital
ordering sets in around TCO = 327 K. The sample shows semiconducting like behavior down to
50 K and the resistivity is too high to be measured below this temperature. The resistivity is
hardly affected by the highest available magnetic field (H = 7 T) but it decreases by three orders
of magnitude for x = 0.05 and by eight orders of magnitude for x = 0.2, in the absence of the
field, at T = 10 K compared to pristine compound. While x = 0.05 sample is semiconducting
down to the lowest temperature in H= 0 T, a semiconductor to metal transition with thermal
hysteresis occurs for x = 0.1. The resistivity peak, which occurs around Tp = 133 K while cooling
is shifted to 144 K while warming in x= 0.1. On the contrary, the x = 0.2 sample does not show
134








0 50 100 150 200 250 300 350 400
0.0
0.2


















































Fig.4.23 Temperature dependence of the dc resistivity (ρ(T)) for Bi0.4Ca0.6Mn1-xRuxO3 (x =
0, 0.05, 0.1 and 0.2) under magnetic fields H = 0, 3, 5 and 7T. The inset shows temperature
dependent %MR for x= 0.05, 0.1 and 0.2.
hysteresis and the semiconductor-metal transition occurs at a higher temperature (Tp = 275K). In
the presence of an external magnetic field, (x = 0.05) shows a dramatic decrease below 100 K.
For example, (10K)  under H = 7 T decreases by more than 5 orders of magnitude compared to
the zero field resistivity.  The applied magnetic field decreases the magnetude of the resistivity
peak and shifts it to high temperatures in x = 0.1 and 0.2.  The (T), much below TC, is not
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affected by the magnetic field in x = 0.2 compared to that of x = 0.1. The inset in Fig 4.23 (d)
shows the calculated value of magnetoresistance (MR), R/R (%) = [R(H)-R(0)]/R(0)x100  for
all the Ru doped samples for H = 7 T.  The maximum R/R reaches – 98 % at 50 K for x = 0.05
and it decreases to 55 % at 50 K for x = 0.1. The R/R of x = 0.2 shows a clear peak of value -20
% at TC = 275 K and becomes negligible below 200 K.
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Fig.4.24 Temperature dependence of the dc resistivity (ρ(T)) for Bi0.3Ca0.7Mn1-xRuxO3 (x =
0, 0.1, 0.2 and 0.3) under magnetic fields H = 0, 1, 3, 5 and 7T. The inset shows temperature
dependence of %MR for x = 0.1, 0.2 and 0.3.
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Figure 4.24 shows (T) for Bi0.3Ca0.7Mn1-xRuxO3 (x = 0, 0.1, 0.2 and 0.3) under H = 0, 1,
3, 5 and 7 T. The (x= 0) in H= 0 T shows insulating behavior down to 50 K and the resistivity
is too high to be measured below this temperature. There is no effect of high magnetic field (7 T)
on the resistivity behavior but it decreases by three orders of magnitude for x = 0.1 and by eight
and ten orders of magnitude for x = 0.2 and 0.3 respectively, in the absence of the field, at T = 10
K compared to that of x= 0 compound. While x = 0.1 sample is semiconducting down to the
lowest temperature in H= 0 T, a semiconductor to metal transition with thermal hysteresis occurs
for x = 0.2. The resistivity peak, which occurs around Tp = 136 K while cooling is shifted to 164
K while warming in x= 0.2. On the contrary, the x = 0.3 sample does not show hysteresis and the
semiconductor-metal transition occurs at a higher temperature (Tp = 278 K). In the presence of
an external magnetic field, (x = 0.1) shows a dramatic decrease below 100 K. The applied
magnetic field decreases the resistivity peak and shifts it to high temperatures in x = 0.2 and 0.3.
The (T), much below TC, is not affected by the magnetic field in x = 0.3 compared to that of x =
0.2.  The MR as a function of temperature for x =0.1, 0.2 and 0.3 is shown in the inset of Fig.
4.24. A maximum of 93 % MR has been obtained for x = 0.1 and it decreases to 43 % and 22 %
for x = 0.2 and 0.3, respectively.
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Fig. 4.25 Temperature dependence of the dc resistivity (ρ(T)) for Bi0.2Ca0.8Mn1-xRuxO3 (x =
0, 0.1, 0.2 and 0.3) under magnetic fields H = 0, 1 and 7T. Inset shows temperature
dependent %MR for different levels of Ru doping.
Figure 4.25 shows ρ(T) for Bi0.2Ca0.8Mn1-xRuxO3 (x = 0, 0.1, 0.2 and 0.3) under H = 0, 1,
and 7 T. The ρ(x= 0) in H= 0 T exhibits a small anomaly at around T = 150 K, corresponding to
AFM ordering which is more clear from magnetization behavior. With the application of external
magnetic field, there is not much of change in resistivity but it drops by six orders of magnitude
for x = 0.1 and x = 0.2 from 104 Ohm cm for x = 0 and then by seven orders of magnitude for x =
0.3, in the absence of the field at T = 10 K. A metal to metal (M-M) transition occurs at around
63 K, 66 K and 145 K for x = 0.1, 0.2 and 0.3, respectively. However, this transition is re-
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entrant, since a negative dρ/dT regime is observed at low temperatures. The applied magnetic
field decreases the resistivity peak and shifts it to high temperatures for x = 0.1, 0.2 and 0.3. The
decrease in ρ at M-M transition is related to induced FM in these systems. The MR for these
samples shown in the inset of Fig. 4.25 is much less compared to that of Ru doped
Bi0.4Ca0.6MnO3 and Bi0.3Ca0.7MnO3 series of compounds. The maximum value of MR at 10 K
for x = 0.1 is 79 % and with increasing Ru content it drops to 40% for x = 0.3. The other inset
shows the variationof resistivity as a function of composition, x, at temperatures 10 K and 300 K.
The curve corresponding to the temperature 300 K is almost linear but for the one at 10 K, the
non-linearity is mainly due to the large value of undoped compound.
The temperature variation of dc resistivity for Bi1-xCaxRuO3 (x=0.1, 0.2, 0.3, 0.4, 0.5 and
0.6) are shown in fig.4.26. Overall, the resistivity values of x=0.2 throughout the temperature
range are less than those of any other compound. The compounds x=0.1 and 0.3 clearly show a
slight increase in the resistivity with decrease in the temperature, whereas, x=0.4, x=0.5 and
x=0.6 show typical behavior of metals, with a small sign of saturation at high temperatures.
Surprisingly, x=0.4 shows weak temperature dependence. The significant conclusion that can be
drawn here is that all these compounds exhibit metallic nature because of Ru, which is quite
contrary to the Mn based compounds, with no Ru present. So, Ru present in these compounds
promotes metallicity and week ferromagnetism. The partially filled t2g bands play important role
in Ru based pyrochlores. If the Mott-Hubbard mechanism of electron localization governs then
the band widths for metallic pyrochlores are in general wider than those of semiconducting ones.
And in this case the Ru-O-Ru bond angle exceeds 1340, where as for semiconducting state this
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Fig. 4.26.Temperature dependence of the dc resistivity (ρ(T)) for Bi1-xCaxRuO3 (x = 0.1, 0.2,
0.3, 0.4, 0.5 and 0.6).
If we consider the corner sharing BO6 octahedra, the t2g orbitals of neighboring B atoms can have
π-type orbital interactive through the B-O-B bonds and the interactions so present are enhanced
by the increase in the bond angle and in turn shortening the B-O bond increases the width of the
t2g bands.
4.6 Magnetocaloric properties
Among the four different series of compounds investigated with varying Ca content, we
have investigated more details which includes, magnetocaloric effect and magnetic phase
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transitions for Ru doped Bi0.4Ca0.6MnO3. In order to calculate magnetic entropy change, we have
measured magnetization isotherms at 5 K intervals over a certain temperature range for x = 0.05,
0.1 and 0.2 samples, as shown in Fig. 4.27. The M(H) of x = 0.05 is linear in H above 200 K but
a ferromagnetic component is visible in low-field M(H) data below 200 K. However, M(H)
increases without saturation above 1 T. The x = 0.2 sample shows a typical ferromagnetic
behavior below 275 K. On the other hand, the x = 0.1 sample exhibits irreversible behavior
between the virgin (0T-5T) and subsequent (5T-0T) field sweep at all temperatures below 180 K.
The magnetic entropy (Sm) has been determined from the measured isothermal magnetization.






























Fig 4.27. Field dependent magnetization isotherms at selected temperatures for (a) x = 0.05,
(b) 0.1 and (c) 0.2.
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Fig. 4.28 shows the magnetic entropy change (-Sm) at different values of the magnetic
field for all three Ru doped samples. The Sm of x = 0.05  is very small in magnitude and
negative at  325 K but it increases initially with lowering temperature, goes through a maximum
around  310 K and then it crosses over to a positive value (-Sm is negative) around TCO = 300
K. The positive Sm reaches a maximum value around 292 K (< TCO). Again, Sm changes sign
to negative below 265 K and increases with lowering temperature down to 100 K where it shows












































Fig. 4.28. The temperature dependence of change in magnetic entropy (-Sm) of (a) x =
0.05, (b) 0.1 and (c) 0.2 for  field change of H =  5, 4, 3, 2, and 1 T.
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295 K and negative Sm peak (-0.182 J/kg K) at 95 K increase with increasing strength of the
magnetic field. On the other hand, Sm is negative for x = 0.1 and 0.2 in the entire temperature
range. For x = 0.1, two peaks are visible for H = 5 T, one is of smaller value (Sm = -0.326 J/kg
K) around T = 288 K (> TCO = 265 K) and another is of higher value (Sm = -1.02 J/kg K)
around T = 100 K (< TC = 130 K). The position of the peak is not affected by the magnetic field
but its magnitude diminishes quickly as the strength of the field decreases.  The ΔSm of x = 0.2
shows a single peak at its  TC (= 273 K) and it has the highest value in the series (Sm = -1.81
J/kg K for H = 5 T at T = TC).
Next, we turn our attention to magnetic entropy change. Based on the Landau theory of
phase transition an attempt to theoretical modelling of the MCE was done by Amaral and
Amaral105. The Gibbs free energy is expressed as 2 40
1 1( , )
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Where, the coefficients A and B are temperature-dependent parameters representing the
magnetoelastic coupling and electron condensation energy. A thermodynamic analysis of the
properties of A(T) and B(T) reaveals that for second-order phase transitions, B(T) must always
be positive and a change in sign indicates the nature of phase  transitions to be first order. But in
any case the sign of A changes from +ve to –ve around TC. Experimentally, the first and second
order nature of magnetic phase transitions can be conveniently distinguished with the help of
Arrott plot (H/M vs. M2) of isotherms. We show the Arrott plot ( H/M Vs M2 at fixed
temperatures) for Bi0.4Ca0.6Mn0.8Ru0.2O3 sample around it’s Curie temperatures in Fig. 4.29(a).
This plot shows positive slope throughout the temperature range presented, indicating the
second-order nature of para-to-ferromagnetic transition, as suggested by Banerjee106. The
temperature dependences of parameters A and B are obtained from the linear region of the
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Fig. 4.29. (a) Arrott plot (H/M vs. M2) for Bi0.4Ca0.6Mn0.8Ru0.2O3 in the temperature range
230-390 K (b) Temperature dependence of the coefficients A (intercept) and B (slope) from
the relation H = AM+BM3.
Arrott plot of H/M versus M 2 and are shown in Fig. 4.29(b). The parameter A varies from
negative to positive values with increasing temperature, and the temperature corresponding to the
value where it crosses zero is consistent with the value of TC. On the hand, the coefficient B
remains positive throughout the temperature range which confirms the second-order nature of the
ferromagnetic phase transition in x = 0.2.
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4.7 Conclusions
In summary, we have investigated the effect of Ru doping at the Mn site in Bi1-yCayMn1-
xRuxO3 (0.5 ≤ y ≤ 0.8; 0 ≤ x ≤ 0.4) samples. With Ca content, more amount of Ru can be doped
at Mn site without any impure phase. Ru is capable of inducing ferromagnetism and insulator-
metal transition without an external magnetic field. Remarkably Ru is very efficient in
transforming the ferromagnetic Curie temperature (TC) to higher temperatures in these series of
compounds. A large magnetoresistance under H = 7 T, a complex magnetic behaviour together
with the magnetic phase diagram are reported here. Besides, it is shown that the magnetic
entropy for a second order phase transition compound Bi0.4Ca0.6Mn0.8Ru0.2O3 is determined and it
shows a maximum value (Sm = -1.81 J/kg K for H = 5 T) close to its Curie temperatures. The
greater ability of Ru to induce long range ferromagnetism and insulator-metal transition in the
robust charge-ordered materials such as BiCaMnO3 is quite interesting from the point of view of
fundamental physics. Further theoretical and experimental studies which can probe the band
structure of these materials will help to understand the origin of ferromagnetism in these
compounds. Another important highlight of this work is the study of ruthenates. Instead of partial
doping of Ru at Mn site, a complete replacement of Mn by Ru results in formation of different
structure which is counterintuitive from the structural point of view. We report for the first time,
the Bi based ruthernates of the form ABO3 with pyrotchlore structure, metallic and weak
ferromagnetism. It will definitely be an interesting to carry out more details of the origin of
structure and magnetism in these compounds from the fundamental perspective.
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Summary and Future Work
The main interest of the present work is to understand the direct effect of impurity doped
B-site disorder in manganites with CO state, on the destruction of CO state and the other
physical properties, i.e. structural, electrical, magnetic and magnothermal properties, with an
emphasis on magnetocaloric effect (MCE). We first started with a CO insulating system,
Pr0.6Ca0.4MnO3 and carried out a systematic substitution of Cr at Mn site. The magnetic
characterization revealed that the para-to-ferromagnetic transition temperature (TC) was not
considerably changed with maximum Cr substitution of 8%. The coexistence of ferromagnetic
nanoclusters and short-range Charge-Orbital ordered clusters just above TC has been observed in
the compounds less than 4% Cr content. Above 4% Cr content, there is an increase in the size of
FM clusters destroying the short-range Charge Ordering resulting in metamagntic transition. We
have further continued the study for magnetocaloric effect (MCE) and observed that the 4% of
Cr doping at the Mn site is an optimum value for MCE in these compounds. After having studied
the effect of Cr substation, we extended our work to impurities of different d-orbital occupancy.
This was to get a better insight into how the magnetic and non-magnetic dopants have varying
effects. During this study, we found that long range ferromagnetism and metallic behavior are
induced only for the impurities Cr, Co, Ni and Ru but Fe and Al substitutions made the
compound remain antiferromagnetic insulator. We realized that the variation of the eg-electron
density in these compounds alone is not sufficient to explain the origin of ferromagnetism as the
magnetic properties of the compounds with isovalent dopants were different. From the
magnetization isotherms and direct calorimetric measurements it was observed that the









La0.7Sr0.3MnO3 365 4.44 128 [160]
La0.65Bi0.05Sr0.3MnO3 353 5.02 216 [160]
La0.7Ca0.05Sr0.25MnO3 341 6.86 364 [161]
La0.67Ca0.33MnO3 252 2.06 175 [100]
Gd 294 10.2 410 [39]
Gd5Si2Ge2 276 18.4 535 [39]
La(Fe0.88Si0.12)13 195 23 - [117]
La0.67Sr0.33Mn0.9Cr0.1O3 328 5.00 200 [162]
La0.7Sr0.3Mn0.95Fe0.05O3 317 4.4 - [163]
La0.7Sr0.3Mn0.95Ti0.05O3 308 4.4 - [108]
La0.7Sr0.3Mn0.80Cr0.20O3 286 2.6 240 [164]
Pr0.6Ca0.4Mn0.96Cr0.04O3 155 6 286 Present Work
Pr0.6Ca0.4Mn0.96Ni0.04O3 191 6.77 319 Present Work
Pr0.6Ca0.4Mn0.96Co0.04O3 190 7.37 317 Present Work
TABLE 2: Maximum entropy change (-Sm), and relative cooling power (RCP), values for
H = 5 T for the present samples and for materials with different values of TC from the
literature.
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The table above, provides a brief over view of the MCE on a few selected manganites,
elemental Gd and Gd based alloys that have been previously investigated. La based manganites
have been studied extensively for MCE, whereas not many studies of MCE on Pr based
manganites and moreover handful of reports of MCE on Mn-site doped manganites in the
literature. It has been found that the applied magnetic field induces a metamagnetic transition
above the Curie temperature in Co, Ni and Cr substituted samples but not in that of Ru
substituted one, that has the lowest resistivity and highest TC. We suggested that these
differences are due to existence of CO fluctuations and ferromagnetic polarons in the
paramagnetic phase of Co, Ni and Cr samples. It can be concluded from our observations that the
reduction in magnetic entropy is more in the earlier case than that of later because of the
competition between the coexisting short range charge-orbital ordered clusters and long-range
ferromagnetic regions. It was very clear from these studies that among all the elements doped at
Mn site, Ru is the most efficient in destroying the CO state and inducing the ferromagnetism
along with the metallic state. We then proceeded towards more robust CO state, Pr0.5Ca0.5MnO3,
by selecting the potential element, Ru, as the impurity at the Mn-site. It was found that Ru
content as low as 3% was sufficient to destroy the CO, AFM phase of the parent compound
Pr0.5Ca0.5MnO3. When compared to other higher doped Ru levels, the 3% doped sample
exhibited the largest value of MCE.
We further extended the idea of Ru substitution at Mn site to Bi based manganites where in, the
CO state exists over a wide composition range. Our investigations revealed the significant
reduction in the resistivity of these compounds by several orders of magnitude. Ru doping at the
Mn-site is also capable of inducing ferromagnetism and insulator-metal transition without an
external magnetic field. Magnetoresistance as high as 98% was observed under the magnetic
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field of 7 T for 5% Ru doping As we go towards Ca rich region, it is possible to substitute more
of Ru and consequently the resistivity decreases drastically. We have found the magnetic signal
to be week in these compounds and hence has no considerable contribution to the change in
magnetic entropy. Besides the above mentioned studies, the most exciting results are obtained
when Mn is completely replaced by Ru. Remarkably, instead of the usual perovskite structure,
these Bi based Ruthenites exhibit pyrochlore structure, which is typical of Pyrochlores with
general formula A2B2O7, formed by a wide variety of ions and tolerates a high degree of non-
stoichiometry on the oxygen anion and ‘A’ cation sites. This phase is observed to be developed
gradually with increasing Ru content. So, in the intermediate composition range there exist both
the phases and we have not reported any properties of those compounds.
The physical properties connected with the series of samples Bi1-xCaxRuO3 have not been
reported earlier and our studies in this regard definitely set a direction and interest to resolve the
puzzle of compounds of general formula ABO3 exhibiting pyrochlore structure. Besides
structural properties, electrical and magnetic transport properties are very interesting and
challenging too from the fundamental point of view. As we see from the preliminary reports,
these materials are highly metallic in nature and the low temperature transport is worth paying
more attention. A detailed investigation can reveal several interesting features connecting the
structure and magnetism that is possible by means of neutron diffraction studies at different
temperatures. Spectroscopic studies are very much recommended which are helpful to
understand the changes in electron band structure brough tout by Ru doping. The
characterization of above mentioned properties are worth investigating in manganites to
understand the fundamental factors governing the interplay between different degrees of freedom
inherent in these systems.
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